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K.  PREAMBLE 

This   'col lect ion  of   sample  problems is a supplement t o  Volume 1 

of DESAP 2: T h e o r e t i c a l  and User's Manual". In making  up t h i s  

volume, o u r  aim was t o   f i n d  examples t h a t  would b e s t  serve t h e  

fol lowing  funct ions:  

1 )   I l l u s t r a t e  and  supplement t h e   i n p u t   i n s t r u c t i o n s  of Volume 1, 

and t o  familiarize the   u se r   w i th   t he   ou tpu t .  

2 )  Explain,  with  examples,  special  problem areas and pecu l i a r -  

i t i e s  t h a t  may ar ise  in   the   use   o f   the   p rogram.  

3) Provide  example  problems t h a t  may be  used  for  debugging  the 

program  dur ing   ins ta l la t ion  on a new computer  system. 

4 )  Compare t h e   r e s u l t s  of DESAP 2 aga ins t   so lu t ions   ob ta ined  by 

o t h e r  means,  whenever p o s s i b l e .  

Although DESAP 2 i s  des igned   pr imar i ly   for   the   use   o f  large 

s t r u c t u r e s ,   t h e   s t a t e d   p u r p o s e  of the  sample  problems i s  c l e a r l y   b e s t  

f u l f i l l e d  by small, simple  examples  that  do not   necessar i ly   represent  

rea l i s t ic  design  s i tuat ions.   Consequent ly ,   the   problems  appearing 

i n   t h i s  volume should  be viewed s t r i c t l y  as t o o l s   o f   i n s t r u c t i o n ,  

which i n  no way ref lect  the   u l t ima te   capab i l i t i e s   o f   t he   p rog ram.  

Because  our  experience  with  the  program i s  r a t h e r   l i m i t e d  a t  

t h i s  time, t h e  example  problems may well have  overlooked some t rouble-  

some aspec t s   o f   des ign  , o r  even  def ic iencies   in   the  program i t s e l f .  

The extensive  computer  output from  each  design  cycle i s ,  however, a 

powerfu l   d iagnos t ic   too l   tha t   should   enable   the   user   to   p inpoin t   the  

d i f f i c u l t y  and make t h e   a p p r o p r i a t e   c o r r e c t i o n .  
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An example  problem is  given  for   each  e lement   type  present ly   used 

i n   t h e  program. Each problem  contains a complete   descr ipt ion of t h e  

input  data,   including  an  echo  of  the  input  cards,   and  the  computer 

p r i n t o u t  of the   input   in format ion .   In   o rder   to   reduce   thc   bu lk  of 

t he   r epor t ,   on ly  a p a r t i a l   l i s t i n g  of the  computer  output i s  dup l i ca t ed ,  

c o n t a i n i n g   t h e   i n i t i a l  and t h e   f i n a l   d e s i g n s .  The complete   his tory of 

a design is  usua l ly  summarized  by t abu la t ing   t he   des ign   va r i ab le s .  

In  compiling  the  sample  problems, we were seriously  handicapped 

by a lack of   adequately documented  optimal  design  problems i n   e x i s t i n g  

l i t e r a t u r e .  For t h i s   r e a s o n ,  a one-to-one  comparison of t h e   r e s u l t s  

of DESAP 2 with  independent ly   obtained  solut ions i s  lacking  insome  of  

the  problems. 

As a f i n a l   n o t e ,  we would l i k e  t o  remind  the  user   again  that  

DESAP 2 is  or iented  towards  large  problems.   Mainly  due  to  an extensive 

use   o f   aux i l i a ry   s to rage   dev ices  and o the r   co re - sav ing   f ea tu re s ,   t he  

program i s  n o t   e f f i c i e n t  f o r  small s t r u c t u r e s  as used f o r  the  sample 

problems.  Consequently,  the  computer times for   these  problems are 

not   expected  to   be  compet i t ive  with  runs  obtair led from  programs 

e s p e c i a l l y   d e s i g n e d   f o r   s t r u c t u r e s   o f   l i m i t e d  size.  



L . l . l  

L.  BAR ELEMENTS 

L . l  Three-Panel  Truss 

10" 

1 l b .  3 

10" 

v 1 l b .  x 

Figure L . 1 . 1 

Layout of  Truss Showing  Element  and Node Numbers. 

The t r u s s   i n   F i g .  L . 1 . l . i ~  t o  be  opt imized  for   the  s ingle   load 

condition shown. The c ross - sec t iona l   a r ea  of each  bar i s  taken  as 

an independent  design  variable.  The da ta   used   in   the   des ign  i s :  

E = 10 p s i  (Young's  modulus), 

u* = u: = 25 psi   (a l lowable  normal   s t ress) ,  

A* = 0 . 1  sq. i n .   f o r  a l l  elements (min. allowable 

t 

c ross - sec t iona l   a r eas ) ,  

A = 1.0 sq.  i n .   f o r  a l l  e lements   ( in i t ia l   c ross -  

s e c t i o n a l   a r e a s ) ,  

I 



L.1.2 

p* = 1.0  (lower bound on t h e   c r i t i c a l   l o a d   p a r a m e t e r ,  i . e .  

t he   f ac to r   o f   s a fe ty   aga ins t   buck l ing ) .  

Local  buckling  of  the  elements is  not   to   be   inc luded  as a design 

c r i t e r i o n .  Because t h e  two construct ion  codes  of   the  bar   e lement  

d i f f e r   on ly   i n   r edes ign   w i th   r e spec t   t o   l oca l   buck l ing ,   e i t he r  of  t h e  

codes may be  used (we chose  Construction Code  No. 1 ) .  

The complete  design  history  of  the  problem is  given on t h e  

Computer P r in tou t   shee t s .  The optimal  design was reached  in  two re -  

designs; it i s  governed e n t i r e l y  by the   buckl ing   cons t ra in t .  Because 

s t r e s s   c o n s t r a i n t s  are i n a c t i v e  and the   p rebuckl ing   s ta te  i s  s t a t i c a l l y  

determinate ,   the   f inal   design is a t r u e  global  optimal  design. 

The buckling  load  of  the  init ial   design  (see  Analysis  of  Design 

No. 0) o f '  2 .2654  agress   exact ly   with  the  analyt ical   solut ion  of   Ref .   [13]  , 

p .  148.   Unfortunately,   the   cross-sect ional   areas   of   opt imal   design 

cannot  be  checked  due to   lack  of   an  independent ly   obtained  solut ion.  

Special   notes on input-output:  

1)  Since  the  st iffness  matrix  of  each  element of t h e   s t r u c t u r e   h a s   t h e  

form [Ki]  = [ki]Ai , n = 1, uniform  scal ing i s  an exact   operat ion.  

Consequently, KSCALE = 1 (=n) was specif ied  in   the  Design  Control  

Data. 

n 

2)  Automatic  generation  of  boundary  condition  codes was employed t o  

suppress  the  z-displacement and t h e   r o t a t i o n s   a t  a l l  the  nodes 

(see Nodal Point  Input  Data  and  Generated Nodal Data).  

3)  Local  buckling of  elements was eliminated as a design  consideration 

by leaving   the  moments o f   i ne r t i a   b l ank  on the  geometric  property 

card.  The blanks  are   replaced by t h e  computer  with 10 i n  6 4  
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(see  Geometric  Property  Cards), so  tha t   the   Euler   buckl ing   load  

of  each  element is too   h igh   to   p lay  a r o l e   i n   t h e   r e d e s i g n .  

4) MODEIN = 1 i n   t h e  Buckling  Control Data means t h a t   t h e   i n i t i a l  

mode shape  (coordinate  vector) is  read .in w2th data caTds .. 
5)  NMODE = 1 i n   t h e  Buckling  Control  Data  specifies  that   only one 

buckling mode is  t o  be  considered  in   the  design.  

6) The parameter INDET = 1 i n   t h e  Buckling  Control Data s i g n i f i e s  

t h a t   t h e   s t r u c t u r e  i s  ' s ta t ica l ly   de te rmina te .   Therefore ,   the   p re-  

buckl ing   s t resses  and the   geometr ic   s t i f fness   mat r ix   o f   the   s t ruc-  

t u r e  have t o  be  calculated  only  once  in  the whole redesign  process.  

7) A "normal"  value of the   re laxat ion  parameter  CI = n/  (n+l) = 0.5 

(note   tha t  n = 1)  was employed in   the  buckl ing-constrained  redesign 

(see ALPA i n  Buckling  Control  Data). 

8) The program was terminated when the  Optimality  Index  of  each  ele- 

ment became s u f f i c i e n t l y   c l o s e   t o  one  (see  Evaluation o f  Design 

No. 2 ) .  
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THREII! PANEL TRUSS BUCKLING k l R L 1 S I S  

NUnBER OF NODAL P O I N T S  = 5 
ROBBER OF ELEHENT  TTPFS = 1 
NllNRER OF LOAD  CASES = 1 
NOPIREP OF DES. V A R I a B L E S  = 7 

DESIGN  CONTROL DATA 

NCTCL = 10 
KSCALI?= 1 
DELTA = 0.2500E-01 
E P S I L  = 0.1000E 00 
LOUCK = 1 

NODAL P O I N T   I N P U T  DATA 

NODE BOONDART  CONDITTON  CODES /------ 
NOHBER X T 2 X X  11 22 

NODAL POINT COORDINATES-------- / 
T z 

2 0 0 0 0 0 0  
1 1 1 - 1  - 1  - 1   - 1  

2c .oco  
0.090 0.000 0.009 

3 0 0 0 0 0 0  
0.0c0 

1 0 . 0 0 0  
0.000 

u 0 1 0 0 0 0  
10. 0co 

4 0 . 0 0 0  
0.000 

5 0 0 1 1 1 1  3C.000 1 0 . 0 0 0  
0 . 0 0 0  

0.000 
O.O@O 

X 

GENEFATED  NODAL  DATA 

NUHBER X 1 2 X X  11 22  
NODE BOONDART  CONDITTON  CODES /------ NOCAL POINT  COORDINATES--------  / 

X T z 
1  1 1 - 1  - 1  - 1   - 1  
2 0 0 -1 - 1  -1  - 1  2 c . 0 0 0  

g.0c0 0.000 
0 . 0 0 0  

0.003 

3 0 0 - 1  - 1  - 1   - 1  
0.000 

1c.000 
u 0 1 - 1  -1  - 3  -1  

1 0 . 0 0 0  0.000 

5 0 0 1 1 1 1  
4 0 . 0 0 0  0 .000 
30.009 

0.000 
1 0 . 0 0 0  n.000 

EOllATION WUflBER.5 

'R x I 2 xx  r r  zz 
2 1 2 0 0 0 0  
1 0 0 0 0 0 0  

u 5 0 0 0 0 0  
3 . 3  u 0 0 0 0 

5 6 7 0 0 0 0  

T 

0 
0 

0.0c0 
0.000 

0 
0 

0 . 0 0 0  
0 .000 

0 0.0c0 

T 

0.  coo 
0 . 0 0 0  
0 .000 
0 .  c30 
0.c30 

Computer  Printout 



NUHBER OF TRUSS  ELEHFNTS 
CONSTRflCTION CODE 
NURBER O F  RATERIALS 
RURBER OF TFHPS FOR HHICH HATL PROPS G I V E N =  
N U R B E R  OF DIFFERENT GEOHETRIES PROPS GIVEN= 

- - - 
= l  

1 
1 

1 
1 

RATERIAL  PROPERTT  CARDS 

HATERIAL NUHBFR SPECIFIC 
NflHBER OF TERPS HEIGHT TEHP 

YOUNGS COEFPT OF /--ALLOWABLE STPESSRS--/ 
noDnLus T H E R H  E X P A N  TENSION COHPRFSSIOH 

1 1 0.1000E 00 O . O O C O E  00 0.1000E 02 0.000OP. 00 0.2500E 02 9.2500E 02 

GEOHETRIC  PROPERTT C A R D S  

GEOHETRT  X-SECT  /--HOHENTS OF INERTIL--/ 
NUHBER AREA TT ZZ 

1 0.1000D 01 0 .1000E 07 0.1000E 0 7  

ELERENT LCAD RULTIPLIERS 

X - D I R  0 . C O O O O O D  00 0.030009D 00 0.000000D 00 0.000000D 00 
A B C D 

I - D I R  0.00001)OD 00 O.OCO9OOD 00 0.0rJOPOOD 00 0.000OOOD 00 

TEHP 0.000000D 00 0.000000D 00 0.O'JOOOOD 00 0.0000'JOD 00 
Z-DTR 0 . 0 0 0 0 0 0 ~  00 0 . 0 0 0 0 0 0 ~  00 o . o o 0 3 0 o n  00 0 . 0 0 0 0 ~ 0 ~  00 

PROCESSED  ELERERT DATA 

ELERENT  /-NODE NOS-/ 
N I I H R E R  I J 

1 1 
2 

2 

3 
2 
3 

4 

4 
5 

1 3 
5 2 3 
6 
7 4 

2 
5 
5 

/--ELENBNT I D  NOS-/ 
n A n .  m o w  D V A R  

1 1 
1 1 2 

1 

1 1 
1 

3 
1 

1 1 
4 

1 1 
5 

1 1 
6 
7 

DESIGN V A R  
FRACTION 

0.1OOOE 0 1  
O . 1 O G O E  0 1  
O.lOCOE 0 1  
0 . 1 0 0 0 E   0 1  
0 . 1 0 0 0 E   0 1  
O.1OCPE 0 1  
c . lnooe 0 1  

LOAD CASE 
STRUCTUPE  STPUCTIJRE LOAD HULTIPLIERS 

A B C D 

1 0.000 0.000 o .oc0  0.000 

BUCKLING  CONTROL  DATA 

COEFPT = 1 .OOOOO 
HODEIN = 1 
NHODE = 1 
INDET = 1 
NVEC = 1 
ALP? = 0.5?000 
OPIEGA = 0.80000 

RPFERENCE 
TERP 

O.CO0OD 0 0  
9.OOOOD C O  
0.9000D 00  
O . O O n O D  O C  
0.0000D 0 0  
C . O O O O D  00  
O . C O c ) O D  0 0  

E N D  FIXTTT 
YY 

o.1ooon c1  
0.10COD 01 
0 . 1 O C O D  01 
O.1OCOD 01 
0.1O'IOD 01 
0.1COOD 01 
O . 1 O C O D  01 

COEPPICIFNTS 
ZZ 

0 . 1 o c c l l   0 1  

0.10OOD C 1  
O . 1 O C O D  0 1  

O . 1 O C O D  0 1  
0.1000D 0 1  

0 . 1 0 3 0 D   0 1  
0 .1000D  01  

HTPTR 
B h n D  

2 
5 
5 
2 
4 
7 
3 



NODAL POINT LOADS 

NODE L O A D  APPLIED LOACS 
NO. CASE 

3 1 0.100D 01  0.09OD r)r) O.OC0D 00 O . O O O D  00 C . O O O D  00 0.OOr)D r)3 
U 1 -0.lOOD 0 1  O.Ol) f lD C O  O.OOOD 00  @.r)D’JD 00 O . O C @ D  00 0.OOoD 00 

PX R Y  1i-2 nx 1 T  nz 

5 1 - 0 . 1 0 0 ~  0 1  0 . 0 0 0 ~  00 0 . 0 0 0 ~  D O  o .ooon 00 0.000~ co O . O O O D  00 

DESIGN VARIABLE INPUT DATA 

DESIGN 
VARIABLE IWITIAL #IN ALLOWABLE 
UURREP V A L U E  V ALII E 

2 0.1000E 0 1  0.1000E 00 
1 0.1000E 01 0. l O O O E  00 

3 0.1000E  01 0. lOOOE 09 
U 0.2000E  01 0.1000E 00 
5 0 .2000E  01  0.1000E 00 

7 0.2000E 0 1  O.lO9OE 00 
6 0.2000E 0 1  0.1000E 00 

TOTAL WUnBER OF EQUATIONS 
BANDWIDTH = 7  

= I  

N U N B E R  OF EQUlTIONS I N  A BLOCK = 7 
NURBER OF BLOCKS = 1  



. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
AAAl.TS1S OF DESIGN NlIBRER 0 *****++***++******.*********** 

RODAL DISPLACERENTS L N D  ROTATIONS 

NODE LOAD X 
NO. CASE 

1 7, x x  YT 2% 

5 1 -3.000E 00 1.000E 00 0 .000F-01  0 .0000E-91 C.OOO0F-01 0.0000R-01 

4 1 - U . O O O E  00 0.00OE-01 0.OCOE-01 ’J.OOOOE-01 0 .0000E-01 0.0000E-01 

3  1 -1 .oo@C 00 1.000E 00 0.000E-01 0.00nOE-01 0.r1000B-01 0.0900E-01 

2  1 -2.OOOE 00 4.33OE-15 0.00OE-01 0 .0000E-01 0 .0000F-01  0.0000E-01 

1  1 0.000E-01 0.000E-01  0.000E-01  0.0000E-C1  C.0000E-01  0.0000E-01 

VALUES OF DESIGN VARILBLBS 

1  2  3 4 5 6 7 

0 0.1000E  01  0 .1000E 01 O.1000E  01  C.2000F  01  0.2000E  01  0.2000E  01  0.2000E 01 

ANALYSIS OF TRUSS  ELENEATS, CONSTPN CODE= 1 

E L E N E N T  X-SECT A R E A  LCAD COND AXIAL F 9 R C E  

1 0 .1000E  01  1 
2 0 .1000E  01  

-3.1000F  01 

3 0 .1000E  01  
1  -0.1OOOE 01 
1 

4 0.2OOOE 0 1  
-0.1001)B  01 

1 
5 0 .2000E  01  

0.596’3E-07 
1 

6 0 .2000E  01  1 
0 .9537E-06 

-@.9537E-C6 
7 0.2000E 01 1 

B U C K L I N G  LOAD PARAMETERS 

0.22654D  01 

ROCKLING MODE SHAPES 

RODE NODE X T 
NO.SHAPE 

5 1 5.895E-OR  -1.939E 00  

4 1 1.4338 00 O.900E-01 

3 1 1.433B OD -1.939E 00 

2  1 7.16UE-01  -1.162R 00 

7, x x  Y Y  27. 

0.00CE-01 0.0OO”F-Cl 0.0000E-01 C.OOOOE-01 

0.00OE-01 0.0000E-Cl  O.CO9OE-01 C.COC0F-01 

0 .000F-01  0.000CE-01 0.003OF-Cl O.COOPF+Ol 

0 .000E-01 0 ,0000E-01  C.nOf‘0F-Cl O.O’lO0E-Ol 

R 9 10  



1 1 0.OOOP-01 0.000F-01  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
EVALUATION OF DESIGN N U H B E R  0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

HAX 
H I N  

STRESS RATIO LOLD  COND 
0.1000E 00 
0.5000E-01 

0 
0 

HAX BUCK RATIOS LOAD COND 

0.4414l? 0 0  1 

0.000E-01  0.0000E-01  0.0000E-Pl  0.@000E-01 

DES V A R I A B L E  
1 
4 

UNIFORH  SCALING  OPERATION FOLLOWS 

SCALE  FACTOR I S  0.441AND DETERMINED BT RUCKLING  CONSTRAINTS 

DESIGN  VARIABLES  OF  SCALED (CRITICAL) DESIGN L R E  

VALUES O F  DESIGN  VARIABLES 

1  2 3 4 5 6 7 9 

0 0.4414E 00 0.4414E 00 0.4414F 00 3.A82RE 00 0.P828E 90 O.AR2AE 60 0.8A28E OC! 

STRIJCTIJRLL  WEIGHT= 0 .7643E  01  

REDESIGN  OPERATION FOLLOWS 

OPTIMAL'ITT  INDEX OF DESIGN  VARIABLES FOP.  RUCKLTNG CONSTRIINTS 

DV N@ ACT/PAS  INDFX 

1 ACT 0.4547UE 00 
2 
3 

ACT 0.45474E  00 
ACT 0.1R190E 01  

5 
4 ICT 0.22737P: 0 0  

ACT 0 .22737F 00  
6 ACT 0 .227371 0 0  
7 ACT 0 . 2 2 7 3 7 5  0 0  

NO. OF ACTIVE BUCKLIHC CONSTRAIlTS A R E  1 

1 0  



. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
ANALYSIS OF DESIGN N U O P E R  1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

NODAL DISPLACENENTS A N D  ROTATIONS 

NODE L O A D  X 
NO. CASE 

1 2 x x  TT 7.2 

5 1 -7.R3fiE 00 4 .622E 00 0.000E-01 0.00OOE-01 0.0000E-C1 0.00@0E-01 

4 1 -1 ,2468   01  0,OOOE-01 C.OOOE-C1 0.0000E-01 0.OOOOE-01 0.0000E-Cl 

3 1 - 4 . 6 2 2 ~  00 4 . 6 2 2 ~  00 O . O O O E - O I  O . O O O Q E - O I  o.ooooE-oi o .oacoF-c1  

2 1 -6.229E 00 3 .015E 00 0.OCOE-01 0.0000E-01 0.0000E-01 0.0000E-C1 

1 1 0.000E-01 0.000E-01 0.00OE-01 Q.0000E-01 0 .0000E-01 0.00COE-01 

VALUES OF DESIGN VARIABLnS 

1 2 3 4 5 6 7 

0 0 .3211E 00 0 .3211?  00 0 .6222E 00 O . " t l B E  00  0.5UlRE 00  0.5UlAE 00 0.SU18E 00 

ANALYSIS OF TRUSS  ELERENTS. CONSTPN C O D E =  1 

ELEHENT X-SECT A R E A  L O A D  CORD AXIAL PORCE 

1  0.3211E 00 1 
2 0.3211E 00  1 

-0 .1000E  01 
- C . l O O O E  01 

3   0 .6222E 00 1 
4 0.5418E 00  

-0.1OOOE 01 
1  0.23471-06 

5 0.541RE 00 
6  0 .5418E 00 

1 0.1729E-C5 
1 -C.2603E-C6 

7  0.5418G 00  1 0.9689E-06 

BUCKLING LOAD PARAPETERS 

0.8fi583D 00 

BUCKLING RODE SHAPES 

NODE R O D E  
NO-SHAPE 

x Y 2 X X  T I  ZZ 

5 1 -4 .1278-01  2.00RE 0 0  3.FOOE-01 0.0flO@E-01 C.OO0CF.-01 0 . 0 ~ 0 @ E - O 1  

U 1 -1 .7068  00 O.O0OE-'31 0.0?OB-01 0.COOOF-01 Il.0000B-Cl O.CO00E-01 

3 1  -1 .2938 00 2.008E 0 0  0.@00!-01 0.0nCOE-01 0.009OE-01 0.OCCOE-C1 

2 1 -8.52RR-01 3 .3628   00  C . ' ) O O E - 3 1  7.!'@00P-@l 0.000PR-01 O . O O n O I 1 - 0 1  

9 10  



1  1  0.0001-01  0.000?-01 

+*.*..*+**.*..*..**.*********** 
EVALURTION OF DESIGN  NUIRER 1 .*.**+*...*..*****.************ 

U A X  
ITN 

0.3115E 0 0  
0.1607E 00 

STPESS RATIO LOAD  COND 
0 
0 

C.OO0E-01 0.0000E-01  0.0000E-01 @.COt?OE-01 

DES V A R I A B L E  
2 
3 

n A X  BUCK RATIOS L O A D  C O N D  

0.1155E  01 1 

IINIFORFI  SCALTNC  OPERATION  FOLLOYS 

SCALE  FACTOR IS 1.155AND  DETERIINED BY RllCKLIHC C'JNSTRIJNTS 

DESIGN  VARIABLES OF SCALED (CRITICAL) DESIGN 18E 

VALIIES OF DESIGN  VARIARLES 

1 2 3 4 5 6 7 

0 0.37083 00 0.3708: 00 0.7186E 00 0.62578 00 0.6257E 00 0.6257E 00 0.6257E 00 

STRUCTUBLL  WEIGHT= 0.61609, 0 1  

REDESIGN  OPERATION  FOLLOllS 

OPTIRALITY INDEX O? DESIGN  VARIARLES FOR BUCKlItIG CONSTRRIRTS 

D V  NO ACT/PAS  INDEX 

1 
2 

ACT 0 . 1 1 3 1 7 1   0 1  

3 
ACT 0.11317E  01 
bCT 0.120553 01  

5 
4 ACT 0.79490E 00 

ACT 0 .794901  00  
6 
7 

ACT 0.79490E 00 
ACT 0 .794901 00 

NO. OP ACTIVE  BUCKLING CORSTRAIHTS A9E 1 

R 1 0  



* * * * * * * * * * * * * * * * * * . * * * B * * * * * * *  

ANALYSIS OF DESIGN R O H B F R  2  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

N O D A L  DISPLACEUENTS A N D  ROTATIONS 

NODI? LOAD X 1 z x x  IT 22 
no. C A S E  

5 1   -6 .3228 00 3.798R O @  0.000E-01 0.0000E-01 0.OOrJOF-01 0.000CE-01 

U 1  -1.O12E  01 0.000E-01 3.000E-01 0 .0000E-01  0.l)OOOE-Ol 0 .0@@0E-01 

3 1  -3.79RE 00 3.79RE 00 0.00nR-01 0.OCOPE-01 0 .0000F-01  0 .0000E-01 

2 1 - 5 . 0 6 0 ~  no 2 . 5 ~ ~  00 o.oooe-01  O . O O O O B - O ~  O . O O O O E - O I  O . O O Q O E - O I  

1  1  0.000E-01  0.000E-01  0.000E-01 0.OOOOF-01 0.0000E-01  0.0000E-01 

VALIIES OF DESIGR  VARIABLES 

1 2 3 U 5  6   7  

0 0 .39522 00 0.3952B 00 0.792UE 03 0.5616E 00  0.5616B 00 0.561fiE 00 0.561fir: 03 

ANALYSIS OF TRUSS  PLEHENTS, CONSTAN CODE= 1 

ELEUEHT X-SECT A R E A  L O R D  COND AXIAL FORCE 

1   0 .3952E 00 1 
2   0 .39521  00 

- 0 .  l O O O E  01 

3 0 .79248  00 
1  -0.1000E rJ1 

U 0.5616F 00 
1 
1 

-0.1000E  01 
0.7U12E-06 

6 0 . 5 6 1 6 1  00 
5   0 . 5 6 l h E  00 1  0.2309E-05 

1 
7   0 .56161  00 1   0 .5191E-06 

o . a 3 2 6 ~ - r ~ 7  

BWCKLING LOAD PARAHETERS 

0 .991020 00  

BUCKLIYG HODE SHAPES 

NODE MOD!! 
U’3.SHAPE 

X ’I z x x  Y Y  2 7, 

5 1 3.974E-01  -1.97AE 00 0.000E-01 0 .000CE-01 C.OOOOE-01 0.0000E-C1 

U 1 1.586E 00 0.090E-01 0 .000E-01 0.CPOCE-01 0.0000E-C1 @ . C O O @ E - C l  

3 1 1.1URE @ @  -1.97RF 00 0 .@@0E-01 O.OCnOP-@l 0.000OF-Cl O.C.9COE-01 

2  1 7 .92PE-01  -3 .162E 09  0 .009E-31 @ . C O O O ? ” O l  O.POCC!E-Cl O.CO@CF-Cl 

9 10  



1 1 0.0001-01  0.000E-01 

****L************************** 
CTALUATION or DESIGN N U H B C R  2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

S T R E S S   P A T I O  LOAD  CCND 
R A X  
01 N 

0.2530E 00 0 
0.1262a 00 0 

R A X  BUCK R A T I O S  LOAD  CCNn 

0.000E-01  0.0000E-01 C.OOOOE-01 0.00EOE-01 

DES VARIARLE 
2 
3 

0.1009.C 01  1 

DESIGN I S  C R I T I C A L  

STRUCTURAL  WEIGHT- 0.63431!  01 

REDPSIGN OPERATION r o L L o u s  

O P T I H A L I T I   I N D E X  O F  D E S I G N   V A R I A B L E S  FOR BUCKLING  CONSTRAINTS'  

DV NO ACT/PAS  INDEX 

2 
1 ACT 0 .  10291E 01  

ACT 0 .  102UlE 0 1  
3 
4 

ACT 0.10191E  01 
ACT 0.10146E  01 

5 ACT 0.10196E  01 
6 
7 ACT 0.10146E  01 

ACT 0.101U6E  01 

NO. OF ACTITE BUCKLING  CONSTRAINTS &RE 1 
BUCKLING - C R I T I C A L   D E S I G N  HAS CONVERGED 



L.2.1 

L.  2 Ten-Panel Truss 

t 
1 3 4  5 6 7  8 9 10 5k 

I -  - 1  

Figure L . 2 . 1  

Layout of  Ten-Panel  Truss Showing Panel Numbers. 

The truss i n   F i g .  L . 2 . 1 ,  which has   been   t r ea t ed   i n   ex i s t ing  

l i t e r a t u r e  [14] , gives  an  opportuni ty   to   check  the  resul ts  o f  

DESAP 2 against   an  independently  obtained  solution. Both designs 

use  the  fol lowing  data:  

6 E = 10 x 10 p s i  (Young's  modulus), 

a; = a; = 20,000 p s i   ( a l l o w a b l e   s t r e s s ) ,  

A = 2,0316 sq.  i n .   f o r   a l l  members ( i n i t i a l   c r o s s - s e c t i o n a l  

a r e a ) ,  

A* = 0.0544 sq. i n .   f o r   a l l  members  (minimum allowable 

c ros s - sec t iona l   a r ea ) .  

Local  buckling of  the  elements was not   t aken   in to-cons idera t ion .  



L.2.2 

The designs  obtained  from DESAP 2 and  Ref. [14] a f t e r   f i v e  

redes ign   cyc les   a re   l i s ted   in   Table  L . 2 . 1 ;  t h e   c o r r e l a t i o n  is exce l l en t .  

I t  shou labe   no ted   t ha t   t he   des ign  is  symmetric, as it should  be,   i .e .  

t h e  two horizontal   (chord) members i n  each  panel  are  equal,  and so 

are t h e  two diagonal members. 

This   p roblem  d i f fe rs   s ign i f icant ly  from the   t h ree -pane l   t ru s s   i n  

Sec. L . l .  F i r s t l y ,   t he   p rebuck l ing   s t a t e  i s  no t   s t a t i ca l ly   de t e rmina te  

in   the  current   problem, which means t h a t  a prebuckl ing  analysis  must 

be   car r ied   ou t ,  and the   geomet r i c   s t i f fnes s   ma t r ix   o f   t he   s t ruc tu re  

recomputed p r i o r   t o  each  design  cycle.  Secondly,  the  final  design i s  

governed  by stress and  buckling  constraints  simultaneously,  whereas 

only  the  buckl ing  constraint  was ac t ive   fo r   t he   t h ree -pane l  truss. 

. . _. . . ..... . ... . ......._. ..., , . . , . I  



L.2.3 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Weight 

Cross-sect ional  arias (sq. i n .  

DESAP 2 

Hori z . 
membs . 

2.713 
2.654 
2.536 
2.362 
2.134 
1.855 
1.527 
1.152 
0.728 
0.251 

Diag . 
membs . 
0.054 
0.054 
0.075 
0.103 
0.130 
0.155 
0.179 
0.203 
0.229 
0.256 

Reference [ 141 

Hori z . 
membs . 

2.721 
2.655 
2.532 
2.357 
2.132 
1.857 
1.531 
1.155 
0.729 
0.251 

Diag. 
membs . 
0.054 
0.054 
0.076 
0.102 
0.128 
0.153 
0.179 
0.204 
0.230 
0.256 

466.4  lb.  1 466.6 l b .  
~ .. 

The cross-sec t iona l   a reas   o f  a l l  v e r t i c a l  members are at 
t h e  minimum allowable  value o f  0.0544 sq. i n .  

Table L.  2 . 1  

Comparison Between the   Resul t s  o f  DESAP 2 and  Reference  [14] 
After Five Design  Cycles. 



M.l.l 

M. BEAM ELEMENTS 

M . l  Three-Member  Frame with  Elast ic   Supports  

40 l b / i n  

1 1 w  

0 
I 

c 

0 Boundary 
elements 

7 
c 

1 

,, 40 l b / i n  

8 

Figure M.l.l 

Layout of Frame Showing Element  and Node  Numbers 

The spring-supported  frame  in  Fig.  M.l.l, which  has  been 

extensively  discussed  in   Ref .  [4], i s  an example of a design  problem 

t h a t  is  governed  by  two  buckling modes simultaneously. 

The s t r u c t u r a l  members consis t   of   thin-wal led beams.  Only the  

wal l   th ickness  i s  t o  be  varied  during  the  design, which means t h a t  

Construction Code No. 1 must be  used.   Equal   s ize   constraints   are  



M.1.2 

used t o  reduce  the number of   design  var iables   to   two:   the  cross-  

s ec t iona l   a r ea   o f   t he  columns (A ), and the   c ros s - sec t iona l   a r ea  1 

of   the  beam (A2). The e las t ic   suppor ts   a re   model led  by  boundary 

elements. 

The fol lowing  data  is  used in   the   des ign:  

E = 30 x 10 p s i  (Young's  modulus), 6 

02 = O* = 50,000 ps i   ( a l lowab le   s t r e s s ) ,  

p = 1 . 0  lb . / cu .   i n .   ( spec i f i c   we igh t ) ,  

p* = 1 . 0  (min. a l lowable   c r i t i ca l   load   parameter ) .  

C 

The geometr ic   p roper t ies  of the  e lements   are  summarized  below. 

I n i t i a l  Values 

2 Design 
Variable A(in.  ) Elements I ( in .  ) 4 

2 

1 

0.15  0.15 9 2 

1.50  1.50  1-8 

No minimum s i z e   c o n s t r a i n t s  were  placed on the   des ign   var iab les .  

The buckl ing  of   this   s imple  f rame  can  be  t reated  analyt ical ly  

f o r   a r b i t r a r y   v a l u e s  of t h e  two design  var iables  A and A 2 ,  The 

r e su l t s   o f   t he   ana lys i s   have  been p l o t t e d   i n   t h e  form of "design 

space"  in   Fig.  M. 1 . 2 .  Each point   in   the  design  space  has   as  i t s  

coordinates A1 and A2,  and r ep resen t s ,   t he re fo re ,  a spec i f i c   des ign .  

The cons t ra in ts   d iv ide   the   des ign   space   in to  two regions:   the  

f eas ib l e   r eg ion   cons i s t s  of des igns   tha t  do. n o t   v i o l a t e  any  con- 

s t r a i n t s ,  whereas   the   in feas ib le   reg ion   v io la tes  a t  l e a s t  one 

c o n s t r a i n t .  The boundary  between  the two r e g i o n s   r e p r e s e n t s   c r i t i c a l  

1 



M.1.3 

designs.  The optimal  design is  t h a t   p o i n t   i n   t h e   f e a s i b l e   r e g i o n   t h a t  

has  the  lowest  weight.  By inspect ion  of   Fig.  M.1.2 it can  be  seen  that  

t h i s   p o i n t  lies at t h e   i n t e r s e c t i o n   o f   t h e  two buckl ing   cons t ra in t  

l i n e s  Ps = 10k and P = 10k,  where P and P are the  buckl ing  loads a S a 

associated  with  the  symmetric  and asymmetric mdes ,   r e spec t ive ly .  

The designs  obtained  by DESAP 2 a r e   a l s o  shown in   F ig .  M.1.2.  A s  

can  be  seen,  the  optimal  design was reached   in   four   redes igns ,   inc luding  

two uniform  scal ing  operat ions.  The h is tory   o f   the   des ign   process  i s  ' 

also  given  in   numerical   form  in   Table  M.1.4. The stress cons t r a in t s  

were no t   ac t ive  a t  any s t age   o f   t he   des ign .  

I 0 

1.500 

0.150 

16.44 

10.47 

~- ~ 

N . C . "  

Design Number 

1 

1.318 

0.132 

14.44 

9.94 

656.2 

.~ I 2 

0.858 

0.231 

9.97 

9.65 

N . C .  

3 

0.925 

0.249 

10.74 

9.98 

488.7 

4 

0.841 

0.289 

10.00 

9.97 

455.8 

*Denotes tha t   des ign  is  no t  c r i t i ca l .  

Table M.  1 .4  

Design  History  of Frame 



FEASI BLE REG ION 

Figure M.1.2 

Design  Space Showing Designs  Produced by DESAP 2 
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Special   notes on input-output : 

1)   Although  the  s t i f fness   matr ix  of  each  element  has  the  form 

[Ki] = [ki]Ai, the   presence of t h e   e l a s t i c   s u p p o r t s  means t h a t  

uniform  scal ing is  not  an  exact  operation.  Consequently, 

KSCALE = 0 is  used i n  Design  Control Data, which  causes  each 

scaled  design  to   be  analyzed  and  evaluated.  

2)  A s  each  element  bends  only  about  the  local  z-axis,   the  properties 

about  the two other   axes   are  l e f t  blank on the  Geometric  Property 

Cards. 

3) A l l  s ec t ion  moduli  have  been l e f t   b l ank  on the  Geometric  Property 

Cards.   Consequently,   the  bending  stresses  are  not  calculated  in 

the  prebuckl ing  s ta te   ( they would  be very small anyway). 

4) The use  of  node Nos. 1 and 1 2  as the   " th i rd"  node on the  element 

cards   (see  Processed  Element   Data)   specif ies   local   y-axis   to   l ie  

i n   t he   g loba l  x-y plane.  

5 )  NMODE = 2 i n  Buckling  Control  Data  requests  that  the  redesign  be 

c a r r i e d  out wi th   respec t   to  two  modes simultaneously. 

6) The prebuckl ing   s ta te  i s  s ta t ical ly   determinate   (bending is  

n e g l i g i b l e ) ,  which i s  spec i f i ed  by INDET = 1 i n   t h e  Buckling  Control 

Data. Consequent ly ,   the   geometr ic   s t i f fness   matr ix   of   the   s t ructure  

i s  assembled  only  once i n   t h e   e n t i r e   d e s i g n   p r o c e s s .  
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Echo of Input Cards 



T I I P F E E  n E n B m  P P n n E  WITH ELASTIC SUPPOPTS --- P O C K L I N G  DESIGN 

NnFIIEW OF NODAL  POINTS = 12 
NllrREP OF ELERENT  TYPFS = 2 ' 

A I I N B F R  OF DES. VrSRIABLES = 2 
N U M P E R  OF L o i n  CASFS = 1 

DESIGN  CONTROL DATA 

NCYCL = 10 
F s r l r F =  c 
DELTA = 0.2500E-01 

L D I K K  = 1 
E P S T L  = 0.1000E 00 

NonAL F O T N T  IAPQT DATA 

NODE R9OADARY  CDNDITTON  CnDES /------ 
NIJtlOZP X Y 2 X X  I T  XI. 

NCDAL  PCINT  COOPDINATES--------  / 
T 2 I 

2 1 1 0 0 0 1  
1  1 1 -1  -1  -1   1  

3 0 0 0 c 0 0  
~ c o o o ? o  
u o o o o 0 o  

1 0 c 0 0 0 0 0  
1 1 1 1 1 * 1 1  
1 2 . 1  1 1   1 1  1 

GERERATED NODAT. DLTA 

NO9E 
YIIMREP 

1 
2 

4 
3 

fi 
5 

8 
7 

10 
9 

1 1  
12 

A3ll!InARY 
X Y  

1 1  
1 1  
0 0  

o n  
0 0  
0 0  
r ! c  
o n  
0 0  
1 1  
1 1  

o n  

CONDITION  COD95  /--- 
z X X  Y l  XZ 

-1  - 1  - 1  1 

- 1  - 1  -1 0 
-1  -1 -1  1 

-1 - 1  -1 9 

-1 -1 -1 ') 
- 1  - 1  - 1  0 

- 1  - 1  - 1  0 

- 1  - 1  -1 0 
-1 -1   -1  9 

- 1  -1 -1 0 
1 1 1 1  
1 1 1 1  

0.0 
lRC.000 

0.0 

1R0.000 
C.O 

-100.c00 
3rl?.09? 

18o.non 

."_ NO C AT. P O I N T  
X 

180.0')0 
0.0 

1RC.370 
9.0 

lRO.OC0 
0 .o 

lR0.00'! 
0.9 

0.0 
1R0.000 

- lQ?.or lq 
39r!,CC0 

0.c 
C.O 

FO.0Pfl 
2UO.000 

2uo.0rc 
hO.C'I0 

240.300 
2uo.oon 

0.0 
0.9 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

C O O R D I N l T E S - - - - - - - -  
Y 2 

/ 

0.0  0.0 
0.0 0.0 

0.0 
60.nrIO 0.0 

c.rl 

1RO.Orlfl 
0.0 

lAC.000 
C.O 

240.000 
0.0 
0.0 

24C..nPC 0.0 
2uo.nnr @ * @  
240.pn9 0.0 

60.000 

120.000 
120.0017 

T 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
9.0 
0.0 

T 

0.0 
0.0 
0.0 
0.0 

0.0 
0.0 

0.0 
0.0 
0.0 
0.0 

0.0 
3.0 

'OIIATTON AUWRERS 

N Y Y Z X)r T Y  27. 

2 0 0 0 0 1 ? 0  
1 0 n o c n r )  

3 1 2 c c o 3  
U U S O @ ' I f i  

fi 1') 1 1  c! 0 n 12 
5 7 R 0 9 C q  

Computer Printout 
( Input   data ,   the   ini t ia l   design and the  f inal   design  only are reproduced.) 



7 1 3  14 0 0 0 15  
8 16 1 7  @ C 9 1A 
9 1 9  2 0  9 c 0 2 1  

10 2 2  23 0 C r! 2U 
l l O O n @ O c  
1 2 0 0 0 0 0 9  



THQEE  DTNEYST09AC OEAH ELO9EN'S 

NllnRER O F  @EAR ELEIEYTS = 9  
= 1  

IIIIBEP  OF  9LTFRIALS = 1  

WIJIDEP OF FIXED-END FnRC? SETS= !l 

CONSTRUCTTON c n n p  

N U W D E P  OF C E O I E T P T C  P R o e E w r m -  1 

IATERTAL PADPERTY  CARDS 

NA*ERTAL SPECIFIC  IOUNlS POISSONS /--------ALL04ARLE STRESSES-------- / 
N I J I D R R  UEIGHT I3OIlLlIS PATI'I TENSION COnPREssInn S H T A R  

1 O.1CnOD 01  O . l r ) " O R  O R  0.0 O.SOO9E '35 0.50r)OP 05 0.29A5E 05 

GEOIRTRTC PROPEATI cams 
PROPEFTY  X-SECT  Y-SFTT /------ PAOPRFTTFS 'IF T-SECTION-----/ 

NUWRFR ROD? AREA X-AXIS  Y-1XTS Z-AXIS 

1 1 0.1000D 3 1  0.9 
9.0 

9.0 
0.0 

O.lOOCr( C 1  YORENTS @ F  INFRTII  

0. fl 0 .0  0.0 
n. 0 

SECT NODULI FOR POINT n 
SECT  HODIJLI FOR POIYT A 

ELXNFYT  LOAD NnLTIPLIERS 

X - D T R  0.0 0.0 0.0 
T-nIR 0.0 0 .0  0.0 

0.0 

Z-OIA 0.0  0.0 0.0 0.0 
0.0 

R C D 

enocessm E L E N R N T  D A T A  

ELRNENT /---NoDE NOS--/ /--??LENEN? T D  NOS-/ DFSTGY VIR FIXED FNO-FOPCE I D  END R%LSASE CDnES BARD. 
W I I N R R R  I J If R4TL  GEOlY 0 V A R  FPhCTTON A R C D  I J IJDTH 

1 
2 

1 3 12 1 

3 
z 4 12  1 
3 5 12 

0 u 6 12 
1 

5 
1 

5 7 12  
fi 

1 

7 
6 R 12  
7 9 12 

1 

R 
1 

R 1c 12 1 
9 9 10 1 1 

1 ? . l C C 0 4  @ l  
1 O . l ~ O C ! ?  0 1  

c o o 0  
0 0 0 0  

1  "lC0OE ')1 0 0 0 0  
1 ?.10I)OF 0 1  0 0 0 0  
1 9.100CJE 0 1  " 0 0 0  

1 O.1OCOE 0 1  
1 G.1000E 0 1  

0 0 0 0  
o o c o  

2 3 . 1 0 0 0 9  c 1  r ) P O C  
1 o . l m n F  0 1  0 0 .  P c 

000000 
000000 
O0000C 
090099 

000000 
00090') 

0000no 
000000 
000900 

O O n O O O  
000097 
090000 
300079 
r)0@000 
o')oooo 
3oc000  
0000r)0 
O 9 0 0 n ~  



D O O N D R P Y   E L F ' I E N T S  

NnnBER OF ELEHEHTS = 2 

ELERENT  LOAD HIILTIP1.IEPS 

n 
0.0 0.0 q.q 0.0 

n B C 

ROIJHDART'  ?LE!lENT  DRTn 

CCNST  NODE / - -NODBS DEFINING CCNSTRATYT bIRECTIOP--/ CODES 
N O P R E R  N NI N J  R K  NL KD K R  

1 9 1 1  
2 10 12 0 

0 0 n 
rJ 9 

1 0  
1 0  

1 0.0 

RllCKLING SINTROL FATA 

CI??F'T = 1.09000 
IObEIN = 1 
NHODE = 2 
I A D B T  = 1 
n v m  = 2 
nLpA = 0 . 5 3 9 0 0  
OIEICA = 0.090?9 

N O D A L  POINT 1,onns 

NODE I m n  
NO. CASP R X  

APPLIED  L3AD5 
V T  

9 1 0 . 9  -0.1oon 9 5  9.9 
19 1 c.9 - c . ~ v n  05 0.0 

R Z  

DFSTGN v n P I m L e  INPUT D A T ~  

DESIGN 
VLRTLBLE INTTTnL IlIN 1LLOHABI.E 
NIJRPbR vnLnF: v n u l  F: 

2 0.15flOE 00 0 . 9  
1 L).lS?OE 01 0.0 

TClTllL  NfIHRER O F  FOOITTrN-S = 2 u  
BANDUTDTH = 9  
NnnRFP OF BOllATTONS  TN 1 !3L.?CY = 22  
N l J t l P f P  O F  RLOCKS = 2  

9 . 0  

0.0 0.0 
9.0 0.0 

nx nr 

n I s P L  
D 

0.0 0.0 4.00D 01 
0.0 0.0 4 . 0 0 D  01 

WOT'ATYOW STTFF 
5 R 

0.9 
? . O  

nz 

x 
r' ' 

w 
0 



. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
4PALTSIS OF FESICN N l l t l R V  0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

NODAL DISPLACEtlEYTS A N D  R9TATTOIS 

IIPDE  I.OAD X 
113. CASE 

T 2 x x  YT 72  

1 2   1  0.0 3.0 3 . 0  0.0  0.0 0.0 

11   1  c.0 0.0 3.0 0.0 O.F 0.0 

10  1  4.4068-19  -5.333!?-02 0.0 0.c 0.0 -5 .0772E-21 

o 1   4 . ~ 1 6 r - 1 9   - 5 . 3 3 3 ~ - 0 2  0.0 0.c 0.0 -1.325UE-20 

P 1  2.004E-14  -U.fl3r)E-02 0.c n.0 0.1) -3.0171E-21 

7  1  -7.467E-29  -4.300E-02 9.0 0.0  0.0 -4.5553E-21 

6  1   6 .7968-20  -2 .667E-02 3.0 0.n 0.c  -1.UP42E-21 

5 1  -1 .768F-19  -2 .6671-02 0.0 0.0 0.C 5.5310E-22 

4 1  1 .172B-20  -1 .3338-02 0.0 0.0 0.0 -4.7849E-22 

3 1  -R.?lOF-2@  -1.333E-02 3.0 3.0 0.0 2.07 1C.E-21 

2  1 0.0 O.? 3.0 0.0 0.0 0.0 

1  1 0.0 0.0 3.0 0.0 4.0 0.0 

VILUES OF DESIGN VLPIAALFS 

1 2 3 U 5 h 7 B 

kNAl.lSXS OF R E b t l  LLEllENT.3,  CDNSTQN C3DE= 1 

0. C 

0.0 
0. C 

P . 0  
c .  0 
O.F 
r.0 
?.@ 
n. 0 

0.c 
0." 

c .  0 
n. c 

q.0 
0.0 
0.0 
r. 0 
P.C 
r. 0 
r.c 
0 .0  
?.@ 
O.? 

0 . n  
0 . c  

0.n 

0. n 
0.0 
0.0 

0.P 
C.O 
9.C 
0.0 
0.C 
0.0 
0.r 

0.0 
9.0 

0. r 

-0.207UR-15 
0.290ne-1 4 

-0 .1612E-15 
0 . 5 5 f i C P - 1 5  
0 .207ur -15  
0.2UR5F-14 

-0.556CF-15 
0 .9520E-15 

-0.24R5E-14 
0.5177P-14 

-n .9520?-15  @. 13477-19 
-0 .5 l lRF- lU  

9 10 



R 0.1sc9e 01 1 
-O.lCJn?E 05 -C.U4P7E-16 0.0 
0.1000B C5 9.659@?-17 0.0 

9 C.15C0P 00 
-0.130OE C5 -9.6590B-17 0.0 

1 
-0.2721E-16 ?.1450?,-07 0.0 
0.2721E-16 - c . I u ~ c ~ - Q ~  0 . 0  

ANAI.TSIS OF RFUNDAPT  PLENRWTS - CCNSTRLINT FVRRCFS 

CONST NnRREP L @ A D  CAS?  FORCE  NOREBT 

1 1 
2 

-0. 17fi66?-16 0.4 
1 0.17622E-16 0.q 

BllCCLING LOAD PAPAMRTERS 

0.10U70D 01 

BUCKLTHI: WDDF SHLPES 

x 

0.164395 01 

T 

12 1 "0 3.0 

11 1 0.0 9.0 
2 0.0 n. o 

10 1 
2 

9 1  
2 

R 1  
2 

7 1  
2 

6 1  
2 

5 1  
2 

0 1  
2 

3 1  
2 

2 1  
2 

1 1  
2 

2 

-9 .?R99-92 
C.0 

4 .  304E-05 

-4.3OUE-05 
-9.CAQE-02 

-5 .@59!7-@2 
-umO25E-C2 

U.025E-02 

-4.531E-02 
-1.797E-F? 

-1.742P-02 

-2.13UY-03 
4.531P-02 

-1.RZlP-02 
-2.114E-03 

0.9 
1.921E-02 

0.0 
0.Q 
O . ?  

-5.nlns-02 

9 . 9  
5.925e-96 
-fi.652E-22 
-5. R259-3fi 
1.362E-21 

-4.989E-22 
U.  369Y-96 

-4.36QE-36 

2.q1?9-06 
1.021B-21 

-3.326E-22 
-2.9139-96 
6.ROPE-22 
1.  U56E-'36 

- 1 . 6 6 3 E - 2 2  
-1. u56E-06 

0.0 
3. 404R-22 

?. 0 
0.9 

3 . 0  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
EVALnATfnH OF DESIGN NllM9E9 0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

0.0 

0 . 0  
9.0 

3.0 
0.0 

0.0 
9.C 

9.0 
q.0 

0.0 
7 . @  

3.0 
9.0 
3.0 
3 . @  
Q.? 
3.c 
3.D 
3 .9 
3.4 
9.0 

7 . q  
0.0 

9.0 

z 

0.0 
0 . 0  

0.0 
9 . 0  
9 .O 
9.0 
q.0 
O.n 
0.11 

0 .0 
0.0 
0.0 
0.0 
O.@ 

0 . 0  
9.0 

0.0 
P.0  
C . O  
n.9 
9.0 

n .o 

n.c 

n.p 

9.0 
0.0 
0.0 
0.0 
0.0 

X X  TY 

C.O 
0.0 

0.0 
0.0 

0.0 
0.0 
0.0 
0 . 0  
0.c 

0 .9  
C.0 
0.0 
0.0 
0 . 0  
O . @  

0.0 
0.0 

C.O 
0.0 

0.9 
C.0 

0.C 

0 . 0  

0.n 

0.0 0.70749-10 
0.0 
0.0 

-0.1347R-lU 
0.1743E-lU 

0.0 
0.0 

-0.1962R-05 
-0.78621p-OS 

22 

0.0 
c.c 
0.0 
0.0 

-'.R056i?-OU 
6.5071E-CU 

6.h012E-OU 
7. RO56E-04 

-4.418UE-04 
6.4761E-04 

6 . 5 2 9 3 E - 0 4  

4.1155B-04 
U.UlA4E-04 

1.6379E-OU 
4.P83fiE-OU 

-2.637QE-04 

5.0fl96B-04 
1.206OF-04 

-5.OR96E-04 
1.1UU6E-@4 

P.0 

O.C 
0.0 

0 .  n 



DESIGN TS NOT CRITIClL 

IIWIFOFII SCALIIG OPEFiT'TOY POLLWS 

SCiL? PACTQR IS 0.R79i)rn nCTE"fl?YFD TIT SnCKLING  CONSTRATWTS 



******L******.$*************** 

4NALYSIS OF DESIGN NIIt!RFP 4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

WODIL D J S P L A C e R E w T S  A N D  FqTRTTOYS 

NODE LCAD 
nq. C A S F  

X I 

1 2  1 c . 0  0 . 0  3.0 

1 1  1 c.0 0 .9  9.0 

10 1 A.674r-19  -9.51OE-32 7 . 0  

9 1 8 .722s-19   -9 .510E-bZ 0.C 

R 1 7 . 3 1 ~ ~ - 1 9  - 7 . 1 7 7 r - r ) ~  9.r 

7 1 -2.923P-1R -7.131$-32 3.0 

6 1 4.337P-19 -4.755E-02 3.0 

5 1 -2.R17F-lR -3 .755E-02  9.0 

4 1 1.355F-19  -2.37AE-02 3.0 

3 1 -l.CRJ!?-19 -2.37OP-02 7.0 

2 1 O.n q.? 3.0 

1 1 0.3 7.9 3.c 

z X X  

0.9 

0.3 

0.P 

O.n 

0.r 

n.O 

9.0 

0.n 

0.0 

0.0 

0.0 

0 .o 

4 

0.Q 

n.b 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0 .O 

C.3 

“0 

5 

YY 72 

0.c 

0.0 

O.@ 

- ~ . ~ R U Z F - W  

-4.0658E-21 

-2.4417E-20 

-5.U210E-21 

2.165UE-20 

-4.C658E-21 

2.9793E-29 

0.0 

C . P  

6 7 R 

ANRI.?SIS CiP R E R  ELFRENTS, CORSTPN C 7 D E -  1 

E L E M F N -  I-SVCT A R E A  L o n n  CCIID AYTIIL P X  S I I F R R  P Y  S I I F ~ R  R Z   T O P Q I I E  m x  R O R E N T  n? P 3 n E t I T  HZ 

r. 0 

F.0 
0.0 

c. 0 
c .  0 

0. c 
P . C  
c . c  
P. 0 
P . C  

0. !! 
?. n 

r . s  

3.0 

9.0 
0.c 

0.0 
3.0 

0.0 
0.0 
C.0 
3.C 
0.c 
n.0 
0. n 

n.n 
0.0 

c . c  
0 .0  

0 . 0  
0 . 0  

0 . 0  
0 .0  

0.c “.I? 
“ C  
“ . C  

0. 0 

n.6 

-@.U554F-14 
0.2051R-13 

-0.22RCE-14 
0.114@E-14 
C.455uE-lU 
0.114C“3 

-0 .24URF-7@ 
-0. 114OF-14 

-0. 11UOF-13 
0.2735E-  13 

“3.743RF-2O 
-P. 1lUOS-1U 
-C .2735E- l7  

9 10  



-0.10OPE 0 5  -3.2659E-15 0.0 
R , 0.9412E P O  1 

-C.l9COE 05 0.1900E-lfi C.0 
0.1009F 05 -C.1900E-16 C.0 

9 0.2RQ2E 00 1 
-0.2!105-15 0.2R2PF-Oh F.O 
0.231OP-15 -0.2828E-06 0 . 9  

9NALTST.S OF Rnl lHDAPT FLEA?NTS - C0NS:RAINT FqRCES 

CONST NIJI~EIER L O A D  C A S E  FOTCE 

1 1 
2 

-9.149RfiE-16 
1 0.34694E-16 

PIICKLTNG LOAD PAnAflETEPS 

0. ‘396.731, 00 

RIICKLTRG RODE SHAPES 

NnDE UODP 
N O . S l l A ’ T  

17. 1 
2 

1 1  1 
2 

1C 1 
2 

9 1  
2 

8 1  
2 

1 1  
2 

6 1  
2 

s 1  
2 

4 1  
2 

3 1  

2 1  
2 

2 
1 1  

2 

0.q9951D PO 

x T 

O.F 
0.0 
0.2 
0.0 

-1.563F-C2 
-7.4735-02 
-1.561F-07. 
-7.474F-02 
I. 132F-02 

- U . ~ R U P - ~ Z  

-2.~5n~-02 
-4.644E-02 

-1.303E-02 
4.4078-02 

-4 .5R’ lF-02 
4.7307-03 
1 .n‘3’3r-02 
1.R31E-04 

-1.7UlE-02 
1.364R-03 
0.0 
0.0 
0.0 
0.0 

0. n 
0.0 
0.0 
0 .0  

1.627E-05 

-1.627E-95 
-3.UOlE-96 

?. 551E-06 
1.221E-75 

-$.551&-36 
-1.221E-95 
1.7!Kl?-Oh 
R. 137E-06 

- R .  137E-06 
-1.7COE-Oh 

9.5928-07 
4. C6RF-06 

- 4 . 9 6 R 5 - 0 6  
-9.591F-9.7 

~.UIIIE-OG 

9.0 

9.9 
7.0 

n . c  

? & X  
HI N 

0.237RE 00 
STAFSS P A T T O  L ? f l l ,  COND 

0.15975-19 
1 
1 

3.0 

3 . 0  
0.0 

7.0 
0.0 
9.0 
3 . P  

O.n 
9.0 

7.0 
3 . 0  

3.0 
O . @  

3 . 0  
7 .(I 
0.c 
7.C 
7.0 
7.0 
1.0 
0.0 
3.0 
0.0 
9.0 

c.0 
9.9 

0.0 
0.0 
0.0 

0.0 
C.0 

9.C 
0.0 

v . O  
O.C 

0 . P  
0 .o 
0.0 

C.0 
0.0 
C.C 
0 .O 
n.0 
0.0 

0.0 

P.C 
Q . O  
P.r‘  
a .a 
3.r’ 

I X  

0.9 
0.r’ 

0.0  
0.0 
c .o 

0.C 
0.9 

c.0 
O . ?  

0.0 
0.0 

P.O 
0.9 

0.0 

P.0 
0.9 
0.9 
0.0 

P.O 
C.O 

P .? 

O.n 

0.0 

P . 0  

0.0 
O.D 
0.0 
0.0 
0.0 

T Y  22 

C.0 

0.0 
c.0 

0.0 
R.223qE-04 
3.923QS-04 

-5.0975F-04 
6.7293E-04 
c.917qE-04 
5.R019E-04 

-3.1191E-04 
7.5AUhE-04 
-1.7R24E-04 
3.0149E-CU 
3.212RE-04 
2.9295R-04 

-5.166RE-CU 

5.C046E-0u 
6.15  lhE-f?5 

-1.3913E-04 
0.0 
C.O 
0.0 
0.0 

0.0 
0 .9  
0. c 
0.0 
0.0 

0.4331F-13 
O.llU3E-14 

-0.2280E-14 

-0.25688-09 
- ~ . 2 5 6 ~ ~ - n 5  



IAX  B n c K   R n T r o s   L m n  C O N D  

O.lO"I3F 0 1  1 
0.lOOOE 0 1  1 

DESTGII T S  C R I T I C A L  

S7RIJCTIIPAL U E T G l l T =  O.US58E 0 3  

PFnESTCN OPBPATIPN  FOLLOUS 

O F T T R R L I T Y  IYPFY O F  DFSTCN V A R I  

DV N'l ACT/PAS  INDE'I 

1 ACT 0.100RnE 01 
2 ACT P . Q R 9 5 A E  00 

YO. O F  IICTTVE B I I C R L I N C   C 9 Y S T R 4 I S T S  APE 2 
B I I C K L I K  - C R I T I C A L   D F S I G N  HAS CONVE9GFD 

,THO  CONSTRL I N T S  



N.1,1 

N .  PLANE'STRESS  ELEMENTS 

N . l  Cant i lever  Beam of Variable Width 

4 6  8  10 12  14 16  18 20 22 1000 l b / i n  

- 
~ . ." .. "" - - 

3 5 7 9 11 13  15 1 7  19 2 1  - x  

100" 
I -  - ,  

Figure N . l . l  

Cant i lever  Beam Showing Element  and Node  Numbers 

The c a n t i l e v e r  beam i n  F i g .  N . l . l  i s  modelled  with  ten membrane 

elements,  the  thickness  of  each  element  being an independent  design 

va r i ab le .  The r e s u l t s   o f  DESAP 2 f o r   t h i s   p a r t i c u l a r  problem  can  be 

checked,  because  an  exact  analytical   expression  for  the  width  of an 

opt imal   can t i lever  beam is  ava i lab le   [15] .  

The mater ia l   propert ies   were  taken  as  

E = 10 x 10 p s i  (Young's modulus), 

v = 0 (Po i s son ' s   r a t io ) ,  

02 = O; = l o 6  p s i   ( a l lowab le   s t r e s s ) ,  

p = 1.0   lb . /cu .   in .   ( spec i f ic   weight ) .  

6 



N.1.2  

The allowable stress was de l ibera te ly   g iven  a very  high  value,   s ince 

we d id   no t  want t h e  stress c o n s t r a i n t s   t o   b e   a c t i v e .   F a c t o r  of s a f e t y  

against   buckl ing is  taken  as  one,  i .e. , p* = 1 i s  used. 

A uniform  thickness   of   0 .1   in .  was chosen as t h e   i n i t i a l   d e s i g n  , 

and  no  lower limits on the   t h i ckness  were  used. The des ign   h i s tory  i s  

summarized in   Table  N . l .  1. The f i n a l   d e s i g n ,  which was reached i n  

fou r   i t e r a t ions ,   can   be   s een   t o  compare very well with  the  exact  

ana ly t i ca l   so lu t ion ,   a l so   g iven   i n   Tab le  N . l . l .  

The s o l u t i o n   f o r  an opt imal   can t i lever  beam is  somewhat d i f f i c u l t  

t o   e x t r a c t  from Ref. [15].   In  the  absence  of minimum size c o n s t r a i n t s ,  

the  opt imal   thickness   dis t r ibut ion  can  be shown t o  be 

(N. 1 .1)  

where P is  the   des i red   buckl ing   load ,  R is the   l eng th   o f   t he  beam, 

and b represents   the   f ixed   depth   o f   the   c ross   sec t ion .   Inser t ing   the  

properties  of  our  particular  problem,  the  above  formula  reduces  to 

t(X) = 0.24 (1-X /R ) .  2 2  (N.1.2) 

The t h i c k n e s s e s   l i s t e d   i n   T a b l e  N . l . l  a re   the   va lues   ob ta ined  from 

(N. 1 . 2 )   a t   t h e   c e n t e r   o f   e a c h   f i n i t e   e l e m e n t .  

Special   notes  on input-output :  

1) KSCALE = 1 i n  Design  Control  Data  informs  the  program  that  uniform 

sca l ing  i s  an exact   operat ion,  i . e . ,  t he   s ca l ed   s t ruc tu re   does   no t  

have t o  be  reanalyzed. Not? t h a t   t h e   s t i f f n e s s   m a t r i x   o f   e a c h  
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element  has  the  form [Ki] = [kilti  (ti = thickness  of  element). 

2) The  layout  of  elements  lends  itself  well  to  automatic  generation 

of  element  and  node  data---compare  computer  printout of input  data 

with  the  echo  of  the  data  cards. 

3)  The  loading  was  prescribed  on  the  data  card  of  element  No.  10"- 

see  Processed  Element  Data.  Also  note  the  proper  use  of  Element 

Load  Fractions  (multipliers)  and  Structural  Load  Multipliers. 

4) NMODE = 2 in  Buckling  Control  Data  asks  for  analysis  of  two  buckling 

modes,  which  also  means  that  both  of  the  modes  are  considered  in 

redesign.  Since  the  design  is  determined  by  one  mode  only,  the  same 

results  would  be  obtained  with  NMODE = 1,  but  the  buckling  analysis 

for  the  second  mode  would  be  lost. 

5) INDET = 1 in  Buckling  Control  Data  declares  the  internal  forces  of 

the  prebuckling  state  to  be  statically  determinate.  Consequently, 

the  geometric  stiffness  matrix  of  the  structure  does  not  have  to 

be  updated  after  each  redesign  cycle. 

6 )  It  is  important  in  this  problem  not  to  suppress  the  incompatible 

displacement  modes  of  the  elements.  The  incompatible  modes  enable 

each  element  to  undergo  pure  bending  deformation,  thereby  greatly 

increasing  the  accuracy  of  buckling  analysis.  (see  Element  Control 

Card  for  plane  stress  elements  in  Vol. 1). 

7) The design  was  terminated  when  the  Optimality  Index of each  element 

was  sufficiently  close  to  one  (see  Evaluation  of  Design No. 4). 
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Cri t ical ,   Scaled  Designs 
( thickness  i n  inches)  I ;1I7[l51 I So l u t   i o n  

1 

.2348 

.2283 

.2159 
,1989 
.1789 
.1578 
.1378 
.1207 
. lo84 
. lo19 

2 

.2357 

. 2  309 

.2213 

.2067 

.1872 

.1625 

.1331 

. l o l o  

.0715 

.0531 

3 

.2381 

.2333 

.2237 

.2092 

.1900 

.1660 

.1371 

.lo32 

.0650 

.0313 t .2389 
, 2  341 
.2244 
.2100 
.1908 
.1668 
.1380 
.1043 
.0659 
.0242 

. 2  394 
,2346 
.2250 
.2106 
.1914 
.1674 
.1386 
.1050 
.0666 
.0234 

84.17 1 80.14 I 79.84 1 79.86 I 80.00 

Design  tlistory of  Element  Thicknesses 
and  Total  Structural  Weight. 
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0 0 .0  
2 0.0 

T 

0.0 
0 . 0  
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(Input  data,   the in i t ia l  design  and  the  f inal   design  only  are  reproduced) 
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0. SHEAR PANEL ELEMENTS 

0.1 Cant i lever  Beam of Plate-Girder  Construction 

Figure 0.1.1 shows a plate   girder   model led  with b ars and sh .ea .r 

panels.  This  problem i s  q u i t e  similar t o   t h e   c a n t i l e v e r  beam i n  

Sec. N. 1, except   tha t  now the  shear   deformation  of   the web has a 

s i g n i f i c a n t   e f f e c t  on the  buckling  load. 

Each shear   panel  i s  sized  independently,   but symmetry conditions 

a r e  imposed on the   bar   e lements   tha t  make up the  f langes:  A1 = A 2 '  

A = A4, ..., A19 - 3 - A20. I n   a d d i t i o n ,   a l l   t h e   t r a n s v e r s e   b a r s   a r e   t o  

be o f  the  same s i z e ,   i . e . ,  

numbers of  the  elements  can  be  found  in  Table  0.1.1, 

A21 = A22 - 
- . . . = A30. The des ign   var iab le  

The design  data   used  in   the program i s  l i s t e d  below. 

Mater ia l   p roper t ies  : 

~~ ~ - . . . - " . - . 

E(psi)   p( lb/ in3)  a: (ps i )  u*=o* (ps i )  v t c  

Shear  panels 

1 .0  - 5000 - 400 Bars 

1 .0  3000 - 0 200 

~- ." ~~ 

Element s i z e s :  

, 
A 

(minimum) ( i n i t i a l )  
A* 

Shear  panels  ( in) 0.01 0.1 

Flange  bars  (in ) 2.0 

TTansV, ba r s   ( i n  ) 

0.1 
2 0 .1   1 .0  

2 
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Local  buckling  of a l l  the  e lements  is  t o  be   neglec ted   in   the   des ign .  

The des ign   h i s to ry  is  summarized i n  Table 0.1.1. Each design 

was governed  by  constraints on global  buckling and the   e lement   s izes ,  

i . e . ,  t h e  stress cons t ra in ts   never  became a c t i v e .  

After s ix   r edes igns ,   t he   conve rgence   c r i t e r i a   a r e   no t   ye t  satis-  

f ied ,   a l though  no   decrease   in   s t ruc tura l   weight   occur red   in   the   l as t  

th ree   des ign   cyc les .  The d i f f i c u l t y   c a n   b e   i d e n t i f i e d  by inspec t ion  

of   the  opt imal i ty   indice5  in   Evaluat ion  of   Design No. 5 :   the   ind ices  

o f   a l l   des ign   va r i ab le s ,   excep t   t ha t   o f  No. 11 (shear   panel  No. l ) ,  

are wi th in   the   acceptab le  limits, i . e . ,  o n l y   t h a t  one  element fa i ls  

t o   s a t i s f y   t h e   o p t i m a l i t y   c r i t e r i o n .  

Additional  design  cycles would not  bring  an  improvement,  because 

we have  encountered a f a i r l y  common convergence d i f f i c u l t y :   o s c i l l a -  

t ion   o f   the   des ign   about   the   op t imal   po in t  due t o   r e l a x a t i o n   f a c t o r  

t h a t  i s  too   l a rge  ( a  = 0.5 was used) .  The osc i l la tory   behavior   can  

be  observed  in  Table 0.1.1, where  design  variable No. 11 is s e e n   t o  

f l u c t u a t e  from design No. 3 onwards;  an  even b e t t e r   i n d i c a t i o n  i s  

the  opt imal i ty   index  of   the  e lement ,  shown below. 

Design Number 

0 5 4 3 2 1 
Opt.  Index  of 
Des.  Var. 11 1.2672  0.7076 1.3781  0.6261 0.1517 0.0301 

The design would  converge r e a d i l y  i f  the  procedure recommended i n  

Sec. D . l  of  Vol. 1 is followed. I t  was sugges t ed   t ha t   t he  "normal" 
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va lue   o f   the   re laxa t ion   fac tor  cx ( in  our case a = 0.5) i s  t o  be  used 

f o r  a few des ign   cyc les ,   a f te r  which the 'des igns   a re   to   be   eva lua ted  

so that   appropriate   changes  to  cx can  be made. In  the  current  problem, 

t h e   o s c i l l a t o r y   c h a r a c t e r  of the   so lu t ion   could   be   d iagnosed   a f te r  

t h r e e   r e d e s i g n   c y c l e s ,   c a l l i n g   f o r  an increase  of cx (under-relaxation).  

With a = 0.7, the  problem would probably  converge  after a few add i t iona l  

design  cycles.  The optimal  design, however  would  have e s s e n t i a l l y   t h e  

same weight   as   the  f inal   design  in   Table  0.1.1. 

Two checks  of DESAP 2 can  be made using  this   problem. Firs t ,  an 

a n a l y t i c a l   s o l u t i o n   f o r   t h e   b u c k l i n g   l o a d   o f   t h e   i n i t i a l   d e s i g n  i s  

ava i l ab le  on p .  132 of  Ref.  [13] : 

(0.1.1) 

where Pe i s  the   c r i t i ca l   load   wi thout   shear   deformat ion   of   the  web 

(Euler  buckling  load),  A and G a r e   t he   c ros s - sec t iona l   a r ea  and the  

shear  modulus of   the web, r e spec t ive ly ,  and  n represents  a shape 

f a c t o r  (n = 1 fo r   ou r   ca se ) .  For  the  problem a t  hand, we ge t  

Pe = 1.579  lb.  and Pcr = 1.364  lb. , which  compares favorably  with 

'cr 

Load Parameters  of  Design No. 0 ) .  

= 2 x 0.6834 = 1.367 lb .   obtained from DESAP 2 (see  Buckling 

The second  check i s  obtained by  comparing t h e   f i n a l   c r o s s -  

sect ional   areas   of   the   f lange  e lements   with  the  analyt ical   solut ion 

of  Ref.  [15], as was done i n  Sec. N . l .  For  t h i s   s p e c i f i c  problem, 
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the   op t imal   f lange  area can be shown t o  be 

A(x)  3.125 (1-X /E ) . 2 2  (0.1.2) 

Since  (0.1.2)  does  not  include  the  weakening  effect  of  shear  deforma- 

t ion,   the   cross-sect ional   areas   obtained from DESAP 2 should  be some- 

what ' l a rge r ,  which  they  are  indeed,  as  can  be  seen  in  Table 0.1.1. 

Special   notes on input-output : 

1)  NSCALE = 1 i n  Design  Control  Data  informs  the  computer  that  uniform 

sca l ing  i s  an exac t   opera t ion ,   s ince   the   s t i f fness   mat r ix   o f   each  

element  has  the  form [ Ki] = [ki]Ay, where  n = 1. 

2) Extensive  use was made of the  automatic  generation  of  nodal and e l e -  

ment da ta .  

3 )  Local  buckling  of  bars was eliminated  as a design  consideration by 

leaving  the moments of  ine ' r t ia   blank on the  Geometric  Property  Card 

of   the truss elements.  Since  the  computer  replaces  the  b4anks by 

lo6 ,  the  Euler  buckling  load  of  each  element i s  too  high  to   govern 

the  design.  

4 )  By s e t t i n g  ISU = 0 (see  the Boundary Condition Code in   Processed 

Element Data) ,   local   buckl ing  of   the  shear   panels  was excluded 

from  redesign  equations. 

5) NMODE = 2 i n  Buckling  Control  Data  requests  the  use  of two buckling 

modes in   the   redes ign   process .  Because  only  one mode governs, 

an ident ica l   des ign  would  be obtained  with NMODE = 1, b u t   a l l   i n -  

formation  per ta ining  to   the  second mode would not be   ava i lab le  

i n   t h e  computer p r i n t o u t .  
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6)  INDET = 1 informs  the  computer  that   the  prebuckling state is 

stat ical ly   determinate .   Consequent ly ,   the   geometr ic   s t i f fness  

matrix of  t he   s t ruc tu re   does   no t   have   t o  be updated   a f te r  each 

redesign. 
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a) Node  numbers and element numbers of shear  panels 

b) Element numbers of bar elements 

Figure 0.1.1 

Layout of Plate  Girder Showing Node and Element Numbers 
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C r i t i c a l ,   S c a l e d  Designs 

T I 1 
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119.0 I 117.8 

*Neglects  shear  deformation 

Table 0 , l .  1 

5 

3.345 
3.260 
3.110 
2.893 
2.622 
2.284 
1.884 
1.421 
0.895 
0.310 
0.100 
.0422 
.0950 
.1451 
.195i 
.2452 
.2953 
.3454 
.3955 
.4457 
.4933 

117.9 

6 

3.348 
3.259 
3.109 
2.896 
2.621 
2.284 
1.884 
1.422 
0.897 
0.309 
0.100 
.0479 
.0950 
.1450 
.1950 
.2449 
.2949 
.3449 
.3949 
.4450 
.4949 

117.9 

-x 
4 
cd 
0 .rl 
c, 

4 
x 

B 
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2.914 
2.742 
2.492 
2.180 
1.805 
1.336 
0.867 
0.305 - 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

Design  History of Element S izes  and Tota l   S t ruc tura l  Weight 

.. . 
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7 0 n -1  -1 -1 - 1  
0.0 

1 .  c.00 
8 0 0 - 1  - 1  - 1  - 1  

- 0 . S O C  
7.50P 

0.0 
Q. qn0 

9 c 0 - 1   - 1  -1 - 1  
0.0 

10 0 @. - 1  -1  - 1  - 1  
lC.09n 
1Q.090 

-0.5P0 n.O 
0 .50P 

11 0 0 -1  -1 -1 - 1  12.5nn 
0.0 

-0.  4co 
1 2  0 0 - 1  - 1  - 1  - 1   1 2  .son 3 .  snn 
1 3  0 0 -1 -1 -1 -1 lc.ncrn 

0.0 
-0.539 

1u r! 0 - 1  - 1   - 1   - 1  15.0qP 
n.O 

15 0 0 -1 -1  -1 - 1  17.  ?no 
0.0 

16  0 0 - 1  - 1  r l   - 1  17.500 
-0.5nn 0.0 

17 0 0 - 1  -1 - 1  - 1  2r.0'33 
O . V @  

-q.c.P@ 
0.0 
0.0 

1R J 0 - 1  -1  - 1  - 1  
1 9  0 D -1  -1  -1 - 1  

ZC.n?n 
2? .439 

n.5nn P.0 
-". 'PO 0 . 0  

21 0 0 - 1  - 1  -1 - 1  25.n90 -P.5,30 
n. 0 
0.0 

I C P A L  PC?NT COORDINATES--- - - - - -  / 
IL ? z 

0 . 0  P. v n  

c .o 

Q. v n  

20 9 n - 1  - 1  -1 - 1  22.5nn 0.400 

22 n r) - 1  -1  -1  -1 2 5 . 7 0 ' )  0.500 n.0 

Computer Printout 

0.0 
0 .0 
0.0 
P.0 
0.0 
0.0 

T 

P.h 

0.0 
0.0 
D.0 

0.0 
0.0 

1. 0 
n.O 

O.Q 
0.0 
0.C 
0.0 

0.0 

0.0 
0.0 

0.0 

n.0 

0 . 0  

0.0 

0.0 

n.? 
0. P 

0 
I- 

W 

( Input   data ,   the   ini t ia l   design and the  last two designs  only  are  reproduced) 



N 
1 
2 
3 
4 
CI 

7 
6 

R 
9 

10 
1 1  
12 

14 
1 5  
16 
1 7  

7 q  
1 8  

2@ 
21  
2 2  

1 7  

X 
0 
0 
1 
3 
5 
7 
s 

1 3  
1 1  

1 7  
15  

2 1  
10 

2 3  
2 s  

2s  
27 

3 1  
33 
3 5  
3' 
3 q  

Y 
? 

2 
0 

fi  
4 

1 0  
R 

14 
12 

1 6  
1 8  
2 0  
2 2  
24 
2 6  
2 A  
30 
3 2  
34 
36  
3 n  
4 0  

z x x  T Y  zz 
0 ? ? 0  
0 0 0 0  
@ C O O  
r ) r ) o o  
n o 0 0  
0 9 0 0  

0 0 0 n  
0 0 0 0  

c r P ( r 0  

C O P 0  
r ) O O @  
0 0 0 0  

0 0 0 0  
0 0 0 0  

@ @ O @  
0 0 0 0  

0 0 0 0  
O O C P  

o n 0 0  

n o P o  
n000 

o o n p  



TIM P 

1 1  0.1flOOE 9 1  0 . 0  o.uonor, 0 3  0.r) 

1  3.5003D 00 0.1“OCA 07 O.ln031! 07 

El . tMtNT LORD M!ILTIPLIERS 
A 

x - m p  9.0 0.0 

z-nre 0.3 

B 

T-DIP 9.9 0.0 
0.0 
0 .0  I?. 0 P.9 

0.0  0.0 TEMP ’3.9 

PUMBbR I 

. l  
2 

1 
2 

3 
4 4 

3 

r, 5 
6 
7 

ti 

R 
7 
R 

a 9 
1n 10 
11 1 1  

12  

10 
15 

10 
1 5  

16 16  
11 

19 
20 

10 

21 
21) 

7 
2 2  
23 

5 
7 

24 a 

12  l2 1 3  

J NATL ETOtlY 

3 1 
4 1 

1 
1 

5 1 1 
6 1 1 
1 
A 

1 
1 

1 

0 1 
1 
1 

10 
1 d 

1 
1 

1 

12 1 
1 
1 

13 1 
1 

1 
1 

1 
l h  

1 

17 
1 

1R 
1 
1  1 

1 

19 1 1 
20 1 1 
21 
22 

1 1 
1 

4 
1 

6 
1 1 
1 

9 1 
1 

10 1 
1 
1 

l a  

l5 1 

n V L R  

1 

2 
1 

2 

3 
3 

4 
4 

5 
5 

6 
6 

7 
7 

8 
9 

9 
9 

10 
1’) 
21 
21 

21 
21  

C 
0.0 
0.0 
0.0 
0.0 

D 

TEHSION ~ COMPRl?SSIOH 

0.50COE c4 O.SO@(rE 04 

T Y  

@ . l O P O D  r)l 
@.l’JCOD  01 
0.10000 01 
O.1000D 0 1  

0.100CD 01 
O.lP0OF 01 
O . 1 O C C D  (rl 

c.100cn  01 
0.10001,  01 
0.100QD 0 1  
0.1000D 01 
0.10ncrn 01 

0. 130CD Q l  
Q.lr)QOF 01 
( \ . l O O O D  C 1  
O.lC00F c1 
0.lOOCD 01 
0.1GCOD 01 
P. 1flPC1, 01 

@.looon 01 

o.1not-D n l  

o . l n n n a  CI 

d. lonoo 01 
c.1ncron n l  

l.z 

0.1000D 0 1  
o .1ooon   01  
0.1ooon  01 

0.1OOOP 31  
0.1000n  01 

0.10001, 0 1  
O . l O @ O D  E 1  
O.1OPOD 0 1  
0.10OEP 0 1  
0.100OD 0 1  
0.1000D 0 1  
Q.lO0OD 01  
o.1ooon 01  
O.l@non 01  
O.10POP E l  
c .1000n   01  
E . r o F o n  0 1  
0 , t n o m  P I  
0 . lnc0D Bl 

0.rrCon 09 
@.10”0D  01 

0.1f’Ol)D 0 1  
c .1000n ‘* 
O . l n ? @ n   0 1  

I I 1 D - R  
R h  ID 

2 
2 
6 
6 
6 
6 
fi 
6 
h 

6 
6 

4 
6 

6 
K 

6 
fi 

6 
6 
6 
II 
4 
0 
4 



29 1 1  
t u  

1s  
2a 

16 
17 

1 
1 R  1 

2 0  19 29 1 
I O  71 22 1 

2 6  13 l 2  ; 
27 

1 21 9 . 1 0 n O F  1\1 C.0 
1 21 0.10OCF 01 0.0 
1 21 0.lOPCE 01 0.C 

1 21 o.lnOcrR * I  0.0 
21 O . l P @ C E  01 P.O 

1 7 1  c . 1 n w r  0 1  0.n  

1 

0 
w 
I- 
hl 



MIIHREI! OF SHEAP PhNFI, ELPqFNT.5 = l @  

NnHPEF OF FATERIALS 
= 1  

NIIPIPER  OF TEHPS Fnn YIIIC'I PITL PPOPS G T V F N -  1 
= 1  

CONSTRUCTION cnnE 

C n 
0 . 9  
0.0 
0 . 0  

ELPnENT  /-------NODE PO?------ 
H l l V R F R  1 J K L n1TL D V R R  CODE FRLCTION LONGER  SHORTBP UTDTH 

/ / - - E L  I n  w s - /  m u N n  n y s  vn9 /--EFFECT P A N E L  DIHNS--/ BKWn 

1 
2 
3 
U 

6 
5 

7 
A 
a 

1 9  

STRUCTllPE 
L O A D  C A S E  

1 

3 5 6 4  
1 3 9 2  

7 9 1 7  9 
5 7 9 6  

9 11 1 2  1') 
1 1  17 l U  1 2  
1 3  15 1 6  1U 
15 1 7  1q 16 

1 9  21  7 2  20 
1 7  19 2 1  1R 

1 
1 

1 1  0 
1 2  

1 1 3  
0 
9 

1 
1 

1u 9 
t 

1 
1 6  

1 
1 7  0 
1 9  

1 1 9  
0 
n 

1 29 r) 

1 l5 fl 

STRVCTIIF  L O ~ D  IIILTIPLIEBS 
A R c D 

9.0 0.0 0.0 rl .P 

N O D A L  POINT t o m b s  

" X  

0 .130cr:  0 1  0 . 9  

? . l O D O r !  0 1  0.c 
O.l@nOF 0 1  C.0 

O. l???P  0 1  0.0 
0.10POE 0 1  0.0 

O.lOn9OR 0 1  0.0 

O.lCO9E 0 1  0.9 
Q.1900F 01 C.0 

9.19CrlF 0 1  0.0 

o.1npor: 0 1  0.0 

0.0 
O.? 

0.0 
0.0 

0.9 

0.0 
0.0 

0.0 
9.0 
9 . 0  

U 
9 
R 
4 
rl 
9 
B 
R 
4 
4 



21  1 - o . l n o n  n 1  ?.-Y 
22  1 - O . I O O D  r 1  0.9 

DESIGN VAPLABLE TNPIlT DA'A 

FSSICN 
V R P I A B L F  I N T ? I A L  R I N  L L L n W l S L F  
NURBFP 

2 
1 

3 
U 
5 
6 
1 
A 
9 

10 

12 
11 

1u 
13  

16 
15 

1A 

20 
19 

21 

17 

VALIIR 

0.20(10r 0 1  
0.20@0E 0 1  

0 . 2 n c o e   0 1  
n .2000F  01  

0.2000P 01 
0.2ObOE P l  
0.200@r! 0 1  

0.2900F  01 
0.2I)COF  P1 
0.100OE C O  
O . l O C @ E  @ @  
0.lOCOF OP 
n.1@"0e OF 
0.1003R co 
9.lCPOE @O 

0.10l?oc 09  
0.1FOOF 00 

0.lObPE CO 

@.l@@OI1  01 

0 ~ 2 n r 0 ~ :  01  

c . l o c m  n n  

0.0 
0.0 

0 . 0  0. @ 
0 .  o 0.0 

0 
w 



. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
ANALYSTS PF DESTCN IlllPPTP 0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

NODAL DTSPLACrRENTS /ND POTATIONS 

NODE L n m  X Y 
YO. C h M  

22 

21 

20 

19 

1n 

11  

16  

1 s  

1u 

1 3  

12 

11  

10  

9 

n 
1 

6 

S 

P 

3 

2 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

3 

7, 

9.F 

0 . 0  

0 . 0  

0.0 

O.Q 

0.0 

n.n 

0.n 

?.P 

0.b 

0 ,n 

n .O 

0 . 0  

n.n 

Q.* 

0.0 

n.0 

0 . 0  

F.0 

0.0 

“0 

P,n  

U 

XI1 

0.0 

0.0  

0.0 

0.9 

0 .0 

0.9 

0.9 

0 .0  

F.0 

0.0 

P.? 

0.c 

F.0 

0.0 

0.0 

@.0 

0.0 

0.0 

0.0 

0.P 

0.0 

P.0 

6 

I T  XI 

0.9 

0.c 

0.0 

0.0 

0.0 

r.0 

0.0 

0.0 

0 . 0  

0.0 

Q.0 

0.0 

Q. 0 

0.9 

0.0 

0 . 0  

0.0 

O.F 

0.0 

0.c 

0.0 

0.C 

1 R 10 



ELEMENT 

2 
1 

3 
U 

4 
7 
R 
q 

10 
1 1  

1 3  
12  

l U  
15  
16 
1 7  
1P 

2 c  
19  

2 1  

2 3  
22 

2u 
2 5  
26 
27  
2A 
29  
30 

1 
1 
1 

1 
1 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

1 
2 
3 
U 
5 
6 
7 
R 
a 

10  

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 



0.68432D 00 

2 2  

21 

2 c  

19 

l n  

17 

16 

1s 
14 

13 

12  

11 

10 

4 

R 

7 

6 

5 

U 

3 

2 

1 

2  4.25'F-07 
1 -R.6SRd-P2 

7 -4. 2 w P - 0 7  
1 R.65RE-02 

1 - R .  51; 1 R -  02  
2 3 . 7 7 2 t - 0 2  

2 -3.772E-02 
1 8.551F-C2 

2 2.432'l-e2 
1 -R.23uE-C2 

2 -2.432F-02 
1 R.23UF-02 

1 -7.714E-02 
2  5 .7lbR-03 

2 -5.714.F-01 
1 7.7141-CZ 

2 -1.3598-02 

2 1.35AP-02 

7 -2.PRSE-02 
1  -6.122P-02 

1  6 ,122E-n2 

1 -5.nRqE-02 

2 3.o54R-472 
1 5.0R9F-02 

2 -0 ,052E-02 
1  -3 .9319-32 

7 u.052F-02 
1 3.93lE-02  

2 -3.2n6E-C2 
1  -2.fi7SE-02 

7 ?.2RhF"02 
1 2.675F-02 

3 -1.fl?7"0? 
1  -1:35UF-P2 

7 1.827F-02 
1 1.3TUP-C2 

1 0.0 
7 0.3 
1 0.7 

1 - 7 .  n w R -  02 

1 7 . 0 0 5 ~ 0 2  

7: 2.985R-nz 

2 - 3 . ~ 5 ~ 7 . - 0 2  

7 0.0 

.l?VLL114T'0Y 'lF I)FSIGN N ~ l M D T ~  C 
* * * * * L * * * * * * * * * * * * * * * * * * * * * * * * *  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

0.0 
7.0  

0.0 
7.n 
3.0 
1.n 
7 . 9  
7.0  
9.0 
0.0 
3.7 
7.0 

3 . 0  
7.3  

9.Q 
7.r) 

O.r) 
3 . 3  

9.0 
0.0 
3 .n 

3.n 
1.7 

0 .? 
3 . 0  

? . O  
3.0 

9.0  
0 . 0  
0.0 
9.0 
3 . 0  
3.9 
9; n 

9.3 
7.0 

9.0 
3.n 

3.0 
7.Q 

3 . 0  
7.r) 

0.n 

7.n 

z 

(I .n 

P.0 
c . 9  

0.P 

n.n 
n.O 

3.n 

n.n 

9.r 

n.0 
O.n 

0.0 
9.0 

O.P 
0.0 

0.0 
0.0 
0.0 
0.0 

O.P 
n .0 
0.0 

n.O 
n.0 
0.0 
? .n 
9 .f 
0.C 

0.0 
0.0 

r).? 
0.0 
0.0 
9 .c  
0.0 
0.0 
0.0 
0.0 

9.C 
q.0 

n.0 

0.0 

9 . n  

0.n 

P . Q  
0.c 

c.0 
0.0 

0.0 
0.0 
0.0 

0 . P  

0.n 
n.n 
P.C 

P.? 
0.0 

0.0 

e.9 
0.13 

0.0 
P.0 

0.0 
0.9 

C.O 
O.n 
0 . 0  
0.0 
O.n 
0.0 
(I.O 

n.0 

p.n 

n.n 

0.n 
0.0 
0.0 
0.0 
n.n 

0 . 3  

C . O  

0.0 

0.0 

P. n 

0.0 

c.0 

0.n 

0.0 

0.0 
?.e  

0.0 
6.0 
0.0 

0.0 
P.O 

(1.0 

0.0 
0.c 

0 . 0  
e. 0 

P . O  
P . 0  
b.0 
0.0 

0.0 
0.c 

0.0 
0.0 
0.0 
6.0 
0.0 
0.0 
0.C 

0.0 
0.0 

0.0 

n . O  
0.0 

0.0 

0.0 

r.0 

0.n 

0.0 

0.0 
r.0 

r.O 
0.0 

0.0 
6.0  
@ . C  

n.O 
r .e 



0 . 1 U d l l  c 1  
0,33u5t! 00 1 

1 

V A L ~ C E ~  or Dcsrrw vAnnms 
1 2 3 U 5 6 7 R 9  10 

0 0.2923%  01 0.29211 01   0 .2973F   01  O . Z q 2 3 C  0 1  0.2923E 01 0.29233 0 1  9.29237 01  0.29232  01  0.29233  01  0.2923E  01 
10  P. lU6lF 00 C. lU f i l f 7  (10 1.1UdlC 00 0.1U61C 00 0 . 1 9 6 l l  ?P 0.1UhlC 00 O,lU61% 00 0,lUfi lF. 00 O.lU6lF. 00 O . l U 6 1 C  00 
20  0.1461C 0 1  

STRUCTIIPAI, UCTCHT. 0.16UUI: 63 

1 ACT 
2 ACT 
3 ACT 

5 
U ACT 

ACT 
6 
1 

ACT 

A L CT 
K T  

0 ACT 
10 
11 

ACT 

11 
ACT 
AC" 

1 J 
1u ACT 

Kt 

15 ACT 
16 MY 
17 
19 ACT 

ACT 

1 q  ACT 
20 
11 

ACT 
A CT 0 

c1 



. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4 N I I I . Y S I S  OF DFSICB NIJPBEB 5 

N O D A L  D I S P L A C E H F P T S  A m  R O T A T T C N S  

NOD8 I.ORD X 
F3. C A S E  

22 

21 

20 

19 

1 A  

17 

l h  

15 

1 u  

13 

12 

1 1  

10 

9 

fl 

7 

6 

5 

4 

3 

2 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

-4.7958-02 

-9.7958-02 

-2.777E-02 

-2.7778-02 

-2.079E-02 

-2.C7QF-02 

-1.63qF-02 

-1.6392-02 

-1.7078-02 

-1.3075-02 

-1.n39"-02 

-1.ft34F-02 

-7.951F-03 

-7,95273-03 

-5.7Q5A-P3 

-K.79<E-03 

-3.7~5~-03 

-3,785F-03 

-l.AfjR,'-C? 

- 1.9689-03 

0.0 

C . "  

Y 

-2. 243R-15 

-2.2UUP-15 

-1.999E-15 

-1.95OF-15 

-1.653E-15 

-1. fi53E-15 

-1.366F-15 

-1.3637E-15 

-1.132E-15 

-1.102E-15 

-9. 62US-16 

-A.621E-16 

-fi. 502B-16 
-fi.495B-l6 

-4.62973-16 

-9.629E-lK 

-3.CIllE-16 

-3.1372B-16 

-1.7lflE-16 

-1.71QZ-16 

n. 7 

7 .n  

0 .P  

9.0 

9.0 

O.? 

7 .c  

q.0 

7.0  

9.0 

0.c 

,I .O 

7 . 0  

9.0 

9.0 

7 . 0  

9.@ 

,) . 0 

'I . 0 

3 . c  

q,!? 

0 .o 

O . ?  

3 . 0  

3 

0.0 

O.C 

C . @  

0.0 

0.C 

O.C 

0 . P  

O.@ 

0.0 

3.0 

P.O 

0.0 

3.0 

0.c 

0.0 

9.r  

r) .ll 
0.n 

0.0 

r).r 

0.r 

n .o 

U 

0.0 

c.0 

0.0 

R.CI 

0.0 

0 .o 
0.0 

0.0 

C . @  

0.0 

0.0 

0.0 

?.@ 

e.? 

0.r) 

0.0 

0.0 

c.0 

0.n 

0.0 

C.O 

0.0 

c 

YT 

h 

0.0 

0.0 

0.c 

0.0 

0.0 

n.c 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

n.O 

c. 0 

0.0 

0. c 

9.0 

0.0 

0.0 

0.0 

r?. r: 
0.0 

7 n 9 10 



ANqLYSTS PF  TPnSS  Fl.FHFN?S. CONSTPN CCtlF= 1 

CLFnF: NT 

1 
2 
3 
4 
5 
6 
7 
R 
9 

1 0  
1 1  
12  
1 7  
1 4  

16 
1 5  

1 7  

1 0  
10 

2 0  
2 1  
2 2  
2 3  
2u 
1r. 
2fi 
2 7  
2P 
2 0  
3 0  

LcRn C O N D  

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

1 
1 

1 
1 

1 
1 
1 
1 
1 

RXIAL FORC 

-0.109OE 9 

-0.1OOCE C 
-C . l990F  0 
-0.100OE P 

- C . I O ~ ~ E  n 

- c . l r ~ o ~  o 

'F 

1 
1 
1 
1 
1 

' 1  
-0.1PCCE 01 
-0. l t")CE 01 
-9.lCOQF  01 
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P . l . l  

P .  PLATE  ELEMENTS 

P . l  Circular  Plate  with  Simple  Support  

b y  The problem  under  consider- 

-. I 

*x 

x 6.59 l b / i n  

Figure P . l . l  

Simply  Supported Plate  
under  Uniform  Compression 

a t i o n  i s  t o   f i n d   t h e   o p t i m a l  

d i s t r i b u t i o n   o f   t h i c k n e s s   f o r  

t h e   p l a t e  shown i n  Fig.  P . l . l .  

A s  the   design will be  axi-  

symmetric, it i s  s u f f i c i e n t   t o  

model only a s e c t o r   o f   t h e   p l a t e  

by f i n i t e   e l e m e n t s ,  as i n d i -  

cated  by  the  shaded  region  in 

t h e   f i g u r e .  

The f i n i t e  element model o f   t h e   s e c t o r  is  shown in  Fig.   P .1 .3 .  

The conditions  of symmetry  on the   x -ax is   a re  imposed by the  boundary 

condition  codes in   t he   noda l   no in t   i npu t   da t a ,   bu t  two sets   of   boundary 

elements are required on t h e  "skewed" boundary  of  the  segment. 

Boundary element Nos. 1-10 are ro ta t iona l   spr ings   tha t   suppress  

rotations  about  the  boundary  l ine,   whereas  element Nos. 11-20 r e -  

present   extensional   spr ings  that   prevent   the  normal ,   in-plane  displace-  

ments. The spring  constants  of  the  boundary  elements must be much 

l a rge r   t han   t he   co r re spond ing   s t i f fnes ses   o f   t he   e l emen t s ,   i l l u s t r a t ed  

i n   F i g .  P . 1 . 2 ,  i n   o r d e r   t o   b e   e f f e c t i v e   i n   s u p p r e s s i n g   t h e   b o u n d a r y  

displacements  and  rotations.  We used   t he   r a t io s  kbound /k  plate = 5000 



P .1'. 2 

e7 /" 
F . l b . 1  

k=M/ 6 

P(1b.) 

(a> 

Figure P . 1 . 2  

Calculat ion  of   (a)   Rotat ional ,   and  (b)   Extensional   St i f fness  o f  
a P l a t e  Element 

f o r   t h e   r o t a t i o n a l   s p r i n g s  and 500 fo r   t he   ex t ens iona l   sp r ings ,  

approximately,  where k i s  computed f o r   t h e   i n i t i a l   d e s i g n .  

The ma te r i a l   p rope r t i e s   u sed   i n   t he   des ign  are: 

p l a t e  

E = 10 p s i  (Young's  modulus), 

v = 0 . 3  (Po i s son ' s   r a t io ) ,  

6 

o* = o* = 50,000 p s i   ( a l l o w a b l e   s t r e s s ) ,  t C 

p = 1 . 0  l b  . / i n  ( spec i f ic   weight ) ,  
3 

p* = 1.0  (lower bound  on t h e   c r i t i c a l   l o a d   p a r a m e t e r ) .  

The design was s t a r t e d   w i t h  a uniform  thickness  of 0.5554 i n . ,  

and a l l  of   the   t en   p la te   e lements  were s ized  independent ly .  No 

cons t r a in t  was placed on t h e  minimum th ickness .  The des ign   h i s to ry  

o f   t h e   p l a t e  i s  given  in  Table P . l . l .  The optimal  design,  which i s  

governed  by the   buckl ing   cons t ra in t   a lone ,  was r eached   a f t e r   f i ve  

redesign  cycles .  



P . 1 . 3  

An a n a l y t i c a l   s o l u t i o n   f o r   t h e   o p t i m a l   p l a t e   w i t h  a cont in-  

uously  varying  thickness   has   been  der ived  in  Ref. [16]. The r e s u l t s  

are p lo t ted   in   F ig .   P .1 .4   toge ther   wi th   the   d i scre te   e lement   th ick-  

nesses  obtained  from DESAP 2 .  The th i ckness   d i s t r ibu t ions   co r re l a t e  

q u i t e  well;  t h e  small d i sc repancy   i n   t he  two weights  can  be  attr ibuted 

to   t he   con t inuous  vs .  d i sc re t e   va r i a t ion   o f   t h i ckness .  

Spec ia l   no tes  on input-output  : 

1)  Buckling  deformation  of a f l a t   p l a t e  does  not   involve  s t re tching 

of   the   middle   sur face ,  i . e . ,  on ly   the   bending   s t i f fness   mat r ix  of 

each  element: [ K i ]  = [ki]An, n = 3 ,  of fe r s   r e s i s t ance   t o   buck l ing .  

Consequently,  uniform  scaling i s  an  exact  operation  with KSCALE = 3 

(see  Design  Control  Data). 

2 )  The var ia t ion   in   the   spr ing   cons tan ts   o f   boundary   e lements  shown 

i n  Boundary  Element Data   (higher   near   the  center   than  a t   the   edge)  

r e f l e c t s   s i m i l a r  changes i n   t h e   s t i f f n e s s e s   o f   t h e   p l a t e   e l e m e n t s .  

The idea   here  i s  to   main ta in  an approximately  constant   ra t io   of  

kbound  /k p l a t e  throughout  the  f inite  element  model.  

3) NMODE = 2 i n  Buckling  Control  Data  requests  that  two buckling 

modes be  considered  in   the  design.   Since  only  one mode governs 

t h e   f i n a l   d e s i g n ,   t h e   r e s u l t s  would be   i den t i ca l  i f  NMODE = 1 

were used,   but   the   buckl ing  load and t h e  mode shape  of  the  second 

mode would no t   appea r   i n   t he   p r in tou t .  

4 )  INDET = 1 i n  Buckling  Control Data informs  t.he  computer t h a t   t h e  

in t e rna l   fo rces   o f   t he   p rebuck l ing  s ta te  a r e   s t a t i c a l l y   d e t e r m i n -  

a te ,  i . e . ,  the   geometr ic   s t i f fness   mat r ix   o f   the   s t ruc ture   does  

not  have  to  be  recomputed  after  each  design. 
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5) The s l i g h t   v a r i a t i o n  of t h e  membrane fo rces  from uniform,   biaxial  

compression  (see  Analysis of Plate/Shell   Elements of Design No. 0) 

is  caused by the  presence  of  the  boundary  elements.  
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A2 

Plate element 

Boundary  element 

Roller  support  with  zero rotation constraint 

31 

Figure  P.1.3 

Finite  Element Model for a Two Degree  Sector of Plate Showing  Node  and  Element  Numbers 
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Element 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Wt ( lb)  * 

~ .. ~ ~ .. - " " ". ~" ". . 

Critical  (scaled)   Designs  ( thickness   in   inches)  

0 

.5554 

.5554 
,5554 
.5554 
.5554 
.5554 
.5554 
.5554 
.5554 
.5554 

96.92 

1 

.6641 

.6540 

.6345 

.6078 

.5  765 

.5436 

.5121 

.4846 

.4630 

.4486 

89.94 

2 

.7110 

.6997 

.6799 

.6513 

.6137 

.5671 

.5123 

.4535 

.3995 

.3626 

86.68 

*The weight o f  a 2' s e c t o r  

Table P .  1.1 

~ .. . 

3 

.7218 

.7112 

.6941 

.6677 

.6322 

.5865 

.5289 

.4566 

.3708 

.2960 

85.14 

" - . 

4 

.7226 

.7121 

.6966 

.6719 

.6384 

.5948 

.5389 

.4668 

.3706 

.2530 

84.54 

~ ~~~ ~ 

~- . 

5 

.7222 

.7117 

.6969 

.6731 

.6406 

.5982 

.5436 

.4729 

.3772 

.2371 

84.59 

" ~" . 

. . ~- 

Design His tory  o f  Element  Thicknesses  and  Structural  Weight. 



0 . 8 -  

-c- DESAP 2 (weight = 84.59 lb)  

--- Reference [ 161 (weight = 83.41  lb) 

0. 

0. 

0. 

0 
0 10 20 30 40 50 60 70 80 90 100 

Radius ( in .  ) 

Figure P .  1.4 

Comparison o f  the  Results  of DESAP 2 with  the  Analytical  Solution 
I 
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( Input   data ,   the   ini t ia l   design and the  f inal   design  only are reproduced) 
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